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  The recent synthesis and applications of oxide nanotubes and mesoporous 
materials attract intense research interests due to their chemical and physical 
properties. This thesis reports the synthesis and characterization of Rh supported 
on nanostructured materials, such as oxide nanotubes and mesoporous materials, 
and their applications as highly active and stable catalysts for H2 production in 
steam reforming of ethanol (SRE) and CO2 reforming of ethanol (CRE). A 
fundamental understanding of the cause of the high activity and the stability of 
Rh/oxide-nanotube catalysts has also been studied in this work.  
 SRE is regarded as an effective and important method for H2 production since 
the hydrogen in steam not only could be transformed to H2 gas but also could 
minimize coke formation. Among the four Rh-based catalysts investigated, 
Rh/Y2O3 was found to show excellent catalytic performance for H2 production in 
SRE.  Some related factors have also been investigated to determine the key 
factor causing the different catalytic performance of the four Rh-based catalysts in 
SRE. Furthermore, a novel Rh/Y2O3-nanotube catalyst has also been developed 
and found to have even higher H2 production rate than Rh/Y2O3 in SRE due to the 





 Some of the significant findings of this research in SRE are as follows: (1) 
The strong oxidising ability of Y2O3 is found to be the key factor underlying the 
high activity and stability of Rh/Y2O3, suggesting a strong relationship between 
the oxidizing ability of the catalyst support and its catalytic performance; (2) A 
new indicator, H2/C, has been proposed in this study, for the first time, and it was 
found to have a strong linkage to the optimal H2 production rate under the lowest 
C emission in SRE; (3) the anti-sintering property of Y2O3 nanotubes was 
discovered for supported metal catalyst and this has significant influence on the 
catalyst’s performance. 
 CRE has been considered as one of the important methods to solve the global 
warming as CRE involves CO2, which is a greenhouse gas, and ethanol, which is a 
renewable source.  A series of Rh supported on Ce-SBA-15 catalysts, which 
have unique nanopores, have been synthesized and applied as CRE catalysts. 
Since Ce is found to promote the low catalytic activity of SBA-15 silica support, 
CeO2 nanotubes are then developed and applied, for the first time, as the novel 
catalyst support. A novel Rh/CeO2-nanotube catalyst, synthesized in this study, is 
found to show an excellent H2 production rate and ethanol conversion in CRE due 
to the versatile and remarkable redox properties of Rh on CeO2 nanotubes.  
 Some of the significant findings of this research in CRE are as follows: (1) 





incorporation of Ce in the framework of SBA-15; (2) The redox properties of Rh 
play a key factor in the high activity and stability of Rh/CeO2-nanotube catalyst in 
CRE, suggesting the importance of redox properties to catalytic performance in 
CRE. (iii) A reaction mechanism for CRE based on the redox properties over 
Rh/CeO2-nanotube catalyst has been proposed.  
 
Keywords: steam reforming, CO2 reforming, ethanol, Y2O3, Y2O3 nanotubes, 
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Chapter 1. Introduction 
  1
Chapter 1. Introduction 
 
1.1. Research background 
 
Fuel cells have been around for over 170 years (since 1839, the first fuel 
cell was conceived), and offer a source of energy that is environmentally safe 
and always available. But until recently, it is still not being used everywhere 
because of the cost. Therefore, a large effort, and even several pieces of 
legislation, have promoted the current explosion that can efficiently exploit the 
potential of hydrogen energy worldwide.  
Hydrogen is the most abundant element on planet earth that can be 
produced from several sources, reducing the dependence on petroleum import. 
Hydrogen is an environmentally friendly fuel that has the potential to 
dramatically solve global energy and environmental issues. It can be used in fuel 
cells to power electric motors or burned in internal combustion engines (ICEs) 
and no air pollutants will be produced. Hydrogen energy is accordingly regarded 
as a long-term development direction for a national alternative energy strategy 
and it is being aggressively explored by many countries. However, several 
significant challenges must be overcome before it can be widely used.  
Generally, production of hydrogen is achieved using four different methods: 
(i) reforming (Haryanto et al., 2005) (ii) electrolysis (Miller et al., 2004) (iii) 
photobiological technology (Levin et al., 2004) and (iv) gasification (Asadullah 
 
 
Chapter 1. Introduction 
  2
et al., 2002). Each method has advantages and disadvantages and works in its 
own particular way and is suited for specific applications.  
For example, the process of electrolysis is simple and clean, however the 
consumption of electricity for electrolysis is very costly.  Photobiological 
technology generally uses photosynthetic microbes such as micro-algae and 
photosynthetic bacteria to combine with sunlight, but one limitation of this 
process is low hydrogen production rate, low conversion and slow kinetics. 
Gasification uses raw materials such as coal, fuel wood, saw dust, wheat straw 
and rice straw to run the gasification or cracking reaction in the gasifier, 
however this process is not widely applied in industrial production due to some 
potential drawbacks, such as low production rate and high cost.  
Currently, the dominant technology for direct production of hydrogen is 
reforming technology, which includes CO2 reforming, steam reforming, 
autothermal reforming, and aqueous-phase reforming. Since global climate 
change and the greenhouse effect have already been regarded as a long-term 
international problem faced by every country all over the world, the chemical 
utilization of CO2 is becoming a challenging and attractive subject of research. 
The CO2 reforming of ethanol (CRE) for H2 production is one of the important 
methods for CO2 utilization. As a result, the CRE reaction for production of 
syngas/hydrogen not only is helpful to solve the greenhouse effect, but also is a 
new application of reforming of ethanol to produce hydrogen. 
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Renewable sources, such as ethanol, have been used in reforming technology. 
Ethanol is an important product from fermentation of biomasses as it has some 
advantages such as high volumetric hydrogen density. Ethanol emits 
significantly less carbon monoxide and toxic air pollution than gasoline, hence 
reducing the amount of harmful emissions released into the atmosphere. 
Furthermore, ethanol is easy to store and transport and requires simple reaction 
conditions, which suitably match large scale production for industrial 
applications.   
In this study, steam reforming of ethanol (SRE) has also been investigated 
since the hydrogen atoms in the steam can also be transferred to hydrogen gas 
and steam also significantly reduces the coke formation on catalysts. Therefore 
SRE reaction is one of the most energy-effective technologies currently 
available and is widely applied in industrial production as CO2 emissions in the 
reforming reactions will be consumed by growth of biomasses.  
 
1.2. Research objectives  
 
The research objectives of this thesis are to develop nanostructured materials 
which can be applied for steam reforming of ethanol (SRE) and CO2 reforming 
of ethanol (CRE) for hydrogen production. This is because, in recent years, 
nanostructured materials, such as nanotubes, mesoporous materials and 
nanoparticles, have attracted intense research interest due to their potential 
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applications. Furthermore, nanostructured materials show outstanding chemical 
and physical properties such as high surface area, unexpected electronic 
properties, quantum properties and high activity etc., which make nanomaterials 
applicable in extensive fields such as catalysts, sensors, water purification, 
nanostructured electrodes, improved polymers, smart magnetic fluids, pharmacy, 
drug delivery, information technology and storage. In this study, nanomaterials 
are applied as catalysts in the reforming of ethanol for hydrogen production. 
A new catalyst Rh/Y2O3 has been found in this study to be a potential good 
choice of catalyst for SRE reaction and Y2O3 is a potential commercial SRE 
catalyst support. Furthermore, the Rh/Y2O3 nanotube catalyst has been 
synthesized and developed in this study as it possesses high activity and stability 
in the SRE reaction due to the anti-sintering and anti-growing of Rh species 
under high reaction temperatures.  
Nanoporous materials have also been investigated as the catalyst supports in 
the CRE reaction. Mesoporous materials, such as SBA-15, have some 
advantages for a variety of applications because the reactant molecules are easy 
to access inside of the mesopores, but SBA-15 shows very high surface area and 
uniform pore sizes, which are very suitable for uses as catalyst supports in some 
reaction systems such as CRE reaction. 
Although Rh/Ce-SBA-15, which possesses very high surface area, has been 
discovered in this study to have high activity in CRE reaction, mesoporous silica 
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has very low activity in this reaction. Therefore, CeO2 nanotubes have been 
synthesized and applied as the catalyst supports for CRE reaction. The excellent 
catalytic performance of a Rh/CeO2 nanotube catalyst, higher activity than 
Rh/Ce-SBA-15 in CRE reaction, is attributed to the lower oxidation state and 
easier reducibility of Rh species on CeO2 nanotubes.  
All of these catalytic properties for SRE and CRE reactions will be 
elucidated in the details within the chapters of this thesis. 
 
1.3. Organizations of thesis 
 
This thesis contains nine chapters including an introduction, a literature 
review, results and discussion, conclusions and references.  
In Chapter 2, background knowledge and the related literature of 
nanostructured materials and their application in SRE and CRE reactions are 
provided. Furthermore, the advantages and drawbacks of different metal based 
catalysts applied in these two reactions are discussed. 
In Chapter 3, the experimental and characterization methods used in this 
study are described.  
Chapter 4 reports the hydrogen production from SRE reaction over Rh/Y2O3. 
Among the four Rh-based catalysts investigated using different catalyst supports, 
Rh/Y2O3 shows the highest hydrogen production due to the oxidizing ability of 
Y2O3. Furthermore, the reducibility of Rh, optimal GHSV (gas hourly space 
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velocity) and H2/C, which is a new indicator introduced in this study, on the 
catalytic performance of Rh/Y2O3 over SRE reaction is reported in this chapter 
as well.  
Chapter 5 describes the work on a novel Rh/Y2O3 nanotube catalyst has been 
found to have the highest H2 production rate among five Rh-based catalysts due 
to the anti-sintering of Rh species under high temperatures. 
Chapter 6 describes the syngas/hydrogen production over Rh with cerium 
incorporated in SBA-15 and with different Si/Ce molar ratios in CRE reaction. 
The optimal Si/Ce molar ratio has been investigated to achieve the highest 
hydrogen production rate.  
In Chapter 7, Ce(OH)3 open-hexagonal nanotubes and Ce(OH)3 nanoporous 
wall nanotubes have been successfully synthesized, for the first time, by 
hydrothermal method via alkaline route. The growth mechanism of Ce(OH)3 
nanotubes via hydrothermal alkaline route has been observed.  
Chapter 8 reports the successful synthesis of CeO2 nanotubes and their 
applications for CRE reaction. The effect of structure properties and surface area 
on catalytic performance will be reported. Furthermore, the redox properties of 
Rh species on the CeO2 nanotubes and the mobility of surface oxygen will be 
shown in this chapter to have a significant effect over the activity and selectivity 
of product in CRE reaction. 
In Chapter 9, conclusions are presented based on the experimental data and 
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Chapter 2. Literature Review 
 
    Nanotechnology and nanoscience have been developed and investigated 
extensively in recent years, and have gradually emerged as the forefront of 
material studies, engineering and various relevant research fields. Many novel 
and creative discoveries in the development of nanostructured materials in the 
last decade have led to significant improvement in many areas such as catalysts, 
sensors, energy storage, fuel cells, electronics, optical devices and disease 
detection sensors (Ponec and Bond, 1995; Zhong et al., 2004; Zhong et al., 
2006). In this chapter, a literature review is presented first to discuss the general 
aspects of nanotechnology in relevance to the catalysis, the synthesis and 
fabrication of nanostructure materials, the characterization of nanomaterials, and 
the applications of nanostructured materials in reforming of alcohols to produce 
hydrogen gas. This chapter is constituted by four main sections. In the first 
section, the development of nanotechnology in recent years was reviewed. After 
which, the relevance of nanotechnology in catalysis, especially of 
nanostructured materials applications, were discussed in the second section. The 
third section will present an overview on the recent advances in the synthesis, 
formation mechanism and applications of nanotubes and mesoporous 
nanomaterials. Finally, the fourth section will wrap up with an overview on the 
usage of nanostructured materials in the production of hydrogen through 
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reforming of ethanol.  
 
 2.1. Development of nanotechnology 
 
 Nowadays, the term “nanotechnology” generally refers to technology that  
involves the manipulation of materials with sizes ranging from 1 nm to 100 nm. 
So what does “nano” mean? Scientifically, the prefix “nano” denotes 10-9 meter. 
An interesting comparison between 1 nm and 1 m the comparison of a marble to 
the Earth (Kahn, 2006). Nanotechnology has attracted much research interest, as 
it was proven that nanostructured materials display novel and outstanding 
properties in terms of the catalytic, electronic, optical, magnetic, acoustic, 
medical, mechanical and other many fields. The mentioned properties are noted 
to be characteristic of the nano size (Love et al., 2005). 
Before the invention of microscopy instruments, such as TEM (Transmission 
Electron Microscope), SEM (Scanning Electro Microscope) and STM (Scanning 
Tunneling Microscope), it was suggested that nanotechnology back then might 
be just as developed as the present. The lack of such a microscopy instrument 
back then probably was the reason why studies on nanotechnology were not 
explored. With access to modern microscopy equipment, it was discovered that 
as a matter of fact, nanoscale materials have been long used by people in areas 
such as color coating on cookware and fabrication of colored glass windows 
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since the Medieval times (Faraday, 1857). Scientifically, the optical properties of 
gold or silver nanoparticles were applied during the fabrication of cookwares 
and glass in ancient times. Overall, chemical and physical properties of 
nanostructured materials were enhanced significantly through the use of 
nanoscience and such discoveries have been applied in many areas, as compared 
to the typical properties of the bulk materials that are often limited in usage. The 
ability to modify the properties of a material is indeed one of the more important 
contributions of nanotechnology and nanoscience. 
A case in point is the ratio of surface area to mass of nanoparticles. It is 
noted that the ratio is generally thousands or even millions times larger than the 
actual bulk materials (Ponec and Bond, 1995; Zhong et al., 2004; Zhong et al., 
2006). Compared to the bulk counterpart, as a result of the huge increase in the 
percentage of surface atoms over nanoparticles and a greater degree of surface 
facets, and high degree of reactivity and novel chemical and physical properties 
are observed for the nanoparticles. The above mentioned difference in terms of 
surface area to mass ratio significantly differentiate nanoparticles and bulk 
materials.  
In recent years, enormous efforts were invested in the rapidly advancing 
scientific frontiers associated with fabrication, characterization, and utilization 
of nanostructured materials. These include efforts to explore the chemical and 
biological methods of fabricating structures just slightly larger than single 
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molecules, by preparing quantum dots and wires, by designing new 
instrumentation to obtain detailed features with resolution approximating 1 A°, 
and by creating smaller features in semiconductors and electronics and so on. 
Novel creations in these intersecting fields are indeed remarkable, and a vibrant 
and intellectually stimulating community is always exploring new methods to 
fabricate and examine matter that were not available before.  
In this study, we will be reviewing the chemical synthesis, characterization 
and applications of nanostructured materials, which are categorized as one 
aspect of nanotechnology in nanomaterials. The nanostructure materials that will 
be discussed in this work include the nanotubes and mesoporous materials. In 
addition, the application of the above mentioned nanostructure materials in 
catalysis will also be reviewed and investigated.  
 
2.2. Nanotechnology applied in catalysis 
 
In general, catalysis reactions can be broadly classified into two types:  
heterogeneous and homogeneous reactions. Heterogeneous catalysts are 
primarily used in converting chemical fossil non-renewable resources (methane, 
natural gas, coal and liquid petroleum etc.) and renewable resources (methanol, 
ethanol, propanol, maizes and corns etc.) into useful and valuable products 
(Thomas and Thomas, 1997; Gates, 1992). In fact, catalysts are used in chemical 
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reactions for the production of over 60% of all chemicals and also are used in 
around 90% of chemical processes worldwide (Council for Chemical Research, 
1998; Bartholomew and Farrauto, 2005). According to the previous articles in 
2001 and 2002, which discussed the impact of catalysis on the U.S. economy, it 
mentioned that ‘‘one-third of material gross national product in the U.S. 
involves a catalytic process somewhere in the production chain’’ (Morbidelli et 
al., 2001). Catalyst manufacturing alone generates more than $10 billion in sales 
all over the world in four major fields: chemicals, polymerization, refining, and 
exhaust emission catalysts. However, the cost invested in catalysts is 
significantly eclipsed by the total end value of the chemical products. The 
chemical products include chemical intermediates, plastics, paints, polymers, 
cleaning products, sweeteners, antibiotics, pharmaceuticals, cosmetics, and fuels 
and so on. The global, annual total production value related to catalysis is 
estimated to be around $10 trillion (Council for Chemical Research, 1998).  
In the recent years, the production and usage of heterogeneous catalysis have 
increasingly steered towards a new direction, to include the considerations of 
‘‘green chemistry’’ or environmental-friendly chemistry. For example, catalysts 
are designed to eliminate or at least dramatically reduce the pollutants in the 
chemical processes. Their design involves the selective structural tailoring of the 
active reaction sites and thus allowing the reactants to be converted directly into 
products without any harmful emissions or wastes as by-products (Bowker, 1998; 
 
 
Chapter 2. Literature Review 
  13
Anastas and Warner, 1998; Van Santen and Neurock, 2006). 
As mentioned in the previous statement, catalysis has always been a very 
interesting issue for the chemical industries around the world. As suggested, 
nanotechnology and nanoscience, perhaps, have been having the most 
significant recent influence on the field of catalysis. People have already 
depended on the use of precious metals (for example: platinum, gold or silver) 
as catalysts for many decades in various heterogeneous reactions. Such catalysts 
usually were used in different forms (for example: particles or thin-films) and 
often with a relatively wide distribution of particle size in the nanoscale range. 
Nowadays, with the development of nanotechnology and nanoscience, scientists 
and researchers are able to effectively control the size of mono-dispersed metals 
and other elements, therefore enhancing their activity and cost-effectiveness 
(Bond et al., 2006).  
In the future, it is conceivable that catalysis in chemical industries and the 
energy industries will be even more influenced by the progress of 
nanotechnology. As scientists and researchers recognize the importance of these 
nanostructured materials in catalysis (Eustis and El-Syed, 2006; Cushing et al., 
2004), their applications will grow. 
The potential for nanostructured materials as catalysts or catalyst supports, 
stems from two notions: (1) the reduction in size of materials from bulk or 
micrometer level to the nanoscale level and (2) that novel properties are 
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observed at nanoscale. The first attractive feature of nanostructure materials is 
their nanoscale size. As mentioned previously in Section 2.1, when the size of a 
material is reduced from the bulk or micrometer level to the nanoscale, there is a 
significant increase in the ratio of surface area to volume. An increase in the 
ratio of surface area to volume indicates that the amount of surface available for 
reaction to take place is much more than that of the bulk material. Therefore, a 
smaller amount of nanostructured materials can be used to obtain the same or 
even higher activity in catalytic reactions when compared to the bulk or 
micrometer scale material.  
In addition, given the exorbitant cost of the precious metal catalysts, 
nanostructured materials have the edge over the bulk material, as nanostructured 
materials are reported to have higher activities than the latter. For example, a 
small amount of nanostructured materials is required to achieve the same 
efficiency of the bulk or micrometer materials (for example: thin films or sheets) 
due to the great increase in surface area to mass ratio, which is not only material 
effective but also much more cost effective (Bond and Thompson, 2000; Corti et 
al., 2002; Chen and Goodman, 2004a). 
A second attractive feature of nanostructured materials as catalysts, or as 
catalyst supports, is the novel properties of the nanostructured material (Zhong 
et al., 2004; Bohren and Huffman, 1983). Although the enhanced activity of 
nanostructured materials (for example: nanoparticles, nanotubes, nanorods and 
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mesoporous materials) is not fully understood, there are observations that 
significant changes take place in the nanoscale range, which result in enhanced 
activity, chemical and physical properties. One of the more important 
contributing observations is the finding of contracted lattice parameters of 
certain nanostructured materials, which is due to surface unsaturation of the 
atoms. The second important observation is the change of inter-atomic distance 
(In this case: nanoparticles) which resulted in enhanced catalytic properties of 
the nanostructured material (Mott D. et al., 2007a and 2007b). It was reported 
that the activity of a catalyst fabricated by nanostructured materials could be 
improved by modifying the inter-atomic distances by varying the alloy 
composition of nanostructured materials (for example: a gold and palladium 
catalyst) (Chen and Goodman, 2004; Meier and Goodman, 2004; Choudhary 
and Goodman, 2005). The third important observation is that the crystal plane of 
nanostructured materials plays a crucial role in enhancement of the catalytic 
oxidation properties (Zhou et al., 2005a). The predominantly exposed {001} and 
{110} planes of the CeO2 nanorods were found to be unusually much more 
reactive than the {111} plane of the irregular CeO2 nanoparticles. This 
observation is supported by the activity test of catalysts which showed that the 
CeO2 nanorods are indeed much more reactive in the CO oxidation reaction than 
their counterparts, the irregular nanoparticles. The results indicate that the 
production of catalysts with well-defined reactive sites is desired and this 
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“designing” of the catalysts is made possible now due to the recent development 
of morphology-controlled synthesis of nanostructured materials. 
 
2.3. Nanostructured materials 
 
In recent years, nanostructured materials have attracted much intense 
research interest due to their novel chemical and physical properties. 
Nanostructured materials have already been applied in many fields such as 
catalysts, sensors, water purification, nanostructured electrodes, improved 
polymers, smart magnetic fluids, pharmacy, drug delivery, DNA chips, 
information technology and storage, chemical or optical components, 
environmental or green chemistry, and solar cells and so on. The applications are 
so wide and varied that it may be possible that in years to come, nanostructured 
materials will be extensively involved in every person’s life and in every 
industrial process all over the world.  
In this study, we mainly focused on the application of nanostructured 
materials in the field of catalysis. The majority of industrial catalysts contain 
active components in the form of nanoparticles (generally below 20 nm) 
dispersed over the nanostructured material supports. The importance of 
nanoparticles and nanostructured material supports to the performance of 
catalysts has stimulated wide efforts to develop new methods for their synthesis, 
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characterization and application, promoting this area of study is an integral part 
of nanotechnology and nanoscience. Generally, nanostructured materials include 
nanotubes, nanoparticles, mesoporous materials, nanowires and nanorods and so 
on. In this review, we focus on the nanotubes and mesoporous materials and on 
some aspects of their synthesis, formation and application. 
 
2.3.1. Mesoporous materials 
 
Generally, porous materials can be classified into three different classes 
according to their dimension: macroporous (pore size > 50 nm), mesoporous (2 
– 50 nm), and microporous materials (pore size < 2 nm). Several kinds of porous 
materials (for example: oxide materials, carbon nanotubes and related porous 
carbon) have already been reported (Schuth et al., 2002). Among the different 
kinds of microporous materials, zeolites are well known as acid catalysts and 
show a uniform and narrow micropore size distribution. However, zeolites have 
some severe disadvantages, one of which is that during the synthesis of fine 
chemicals, big reactant molecules have difficulty to enter into their micropores 
in liquid phase system and this causes mass transfer limitations of the rate of 
reaction. Therefore, one solution is to increase the pore sizes of the zeolites so as 
to improve the diffusion rate of the reactants to the catalytic sites (Davis et al., 
1988). The enlargement of pore sizes from micopores to mesopores in the field 
of zeolites has thus attracted extensive research interests to allow larger 
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molecules to enter into the pore system and to react at the catalytic sites in the 
mesopores.  
It was first reported that an ordered mesoporous material was synthesized 
successfully in a patent in 1969 (Chiola et al., 1971). After which, a similar 
mesoporous material was fabricated by researchers of Mobil Oil Corporation 
and this novel mesoporous silica, MCM-41, named after the abbreviation of 
Mobil Composition of Matter No. 41, immediately attracted intense attention 
(Beck et al., 1991). MCM-41 exhibits highly ordered hexagonal arrays with 
uniform pores and a narrow pore size distribution (Kresge et al., 1992). 
MCM-48 and MCM-50, show a cubic and lamellar mesostructure respectively, 




In the synthesis of some highly ordered mesoporous materials, there are 
several types of surfactants that can be used. One of the most useful surfactants 
is the triblock co-polymers, consisting of poly (ethylene 
oxide)x-poly-(propylene oxide)y-poly (ethylene oxide)x. It is used in the 
synthesis of various orderly structured mesoporous materials with larger pores 
with a variety of framework composition under strongly acidic environment 
(Zhao et al., 1998a and 1998b; Yang et al., 1998 and 1999). The ethylene oxide 
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units and cationic silicate species interact to form the mesostructured assembly. 
A well-known 2D hexagonal mesoporous material SBA-15, named after Santa 
BArbara No. 15, is synthesized using this method and shows a thick wall of 
3-7nm and large pore sizes of 6-15 nm. It is very important that the thick wall of 
SBA-15 significantly enhance its thermal and hydrothermal stability, something 
that the MCM-41 series mesoporous silicas did not have.  
The diameter of SBA-15 mesopore depends on the synthetic conditions, 
most importantly, with the increase of the gel aging temperatures, the pores 
increase in diameter (Zhao et al., 1998b; Galarneau et al., 2003). The mesopore 
wall of SBA-15 shows some microporosity, that also connects neighboring 
mesopores. It was found that the walls had a “microporous corona” region 
coming from partial embedding of the PEO part of surfactant in the mesopore 
wall. This came to light after a careful investigation of the modeling of the XRD 
patterns of the materials (Imperor-Clerc et al., 2000). It was reported that the 
coronas are converted to micropores during calcination. The presence of these 
micropores can be observed by TEM on a Pt replica of the SBA-15 pore 
structure (Galarneau et al., 2003; Ryoo et al., 2000; Liu et al., 2001).  
 
   2.3.1.2. M-SBA-15 (M=Al, Ce etc.) 
 
Generally, the surface of mesoporous silica shows weak activity because 
silanol groups on SBA-15 surface are either only capable of forming hydrogen 
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bonds with foreign gaseous molecules or are difficult to ionize in solution 
(Szczodrowski et al., 2009). Therefore, introduction of Al, Ce, or Zr into the 
SBA-15 framework could enhance the activity of SBA-15 surface while 
maintaining its high surface area and uniform pore sizes (Chen et al., 2004b). 
The incorporation of a metal atom into the framework of SBA-15 may induce 
local distortions of its structure. The order of average M-O bond length in the 
constituant tetrahedral is as follows: Zr > Ti > Al > Si. But co-condensation 
reactions are very sensitive to the experimental conditions, so the main 
difficulties, is that M-O-Si bonds are fragile in the strongly acidic hydrothermal 
synthesis environment. The pronounced differences between M-containing 
precursors and Si at the hydrolysis rate, were reported in literature (Brinker and 
Scherer, 1990; Hernandez and Pierre, 2000).  
SBA-15 mesoporous materials having only silanol groups on surface were 
found to have very low catalytic activity and low acid strength. Therefore, 
stronger acidic sites are generally introduced in their framework for applications 
of SBA-15 in catalysis. The substitution of hetero-atoms with valence lower 
than Si gives negative charges, which are compensated by protons, to generate 
acid sites in SBA-15. Al-SBA-15 shows Bronsted acid sites that come from 
terminal groups in the vicinity of Al atoms, and which are called bridging 
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 Figure 2-1. Formation of terminal Bronsted acidic OH group in SBA-15. 
 
Generally, the incorporation of Al atoms into the SBA-15 framework is 
accomplished by two synthesis methods: (i) direct synthesis (Vinu, 2004 and 
2005), and (ii) post-synthesis (Kao et al., 2005; Zeng et al., 2005). The 
mechanism of Al incorporation in Al-SBA-15 is similar as that of SBA-15, 
which is synthesized via (S0H+)(X-I+) [here, S0H+ denotes nonionic polymeric 
surfactant, X- denotes halogen anions, and I+ denotes the protonated inorganic 
SiO2 species (Vinu et al., 2004; Soler-Illia et al., 2003).  
The rare-earths elements have already been applied in catalysis extensively. 
The results present in enhanced catalytic activity, the storing and release of 
oxygen, and enhanced thermal and hydrothermal stability. Incorporation of 
rare-earth elements into SBA-15 framework can also be used to tailor the 
surface properties of the catalysts (Timofeeva et al., 2007; Dai et al., 2007). Ce, 
one of the most common and important rare-earth elements, when incorporated 
in SBA-15, can be used as a redox catalyst in the hydroxylation of 1-naphthaol 
and as an acid catalyst in the dehydration of cyclohexanol (Selvaraj et al., 2005; 
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Kadgaonkar et al., 2004; Laha et al., 2002). When compared with MCM-41, 
Ce-containing SBA-15, which has a thicker pore wall, larger pore sizes and 
higher thermal and hydrothermal stability, was found to be more suitable for 
more rigorous reaction conditions (for example: high pressure and high 
temperature and so on).   
     
2.3.1.3. Applications of SBA-15 and M-SBA-15 (M=Al and Ce etc.) 
 
SBA-15 and M-SBA-15 have already been applied in some fields such as 
immobilization of bioactive molecules, as hard templates and catalysis. In recent 
years, SBA-15 has been used as a carrier for drug delivery and for 
immobilization of enzymes (Mateo et al., 2007). SBA-15 can also be used as a 
hard templates to fabricate mesoporous carbons with new compositions, uniform 
pore sizes, with some controllable pore structures and for opening up novel 
routes to other highly porous solids (Lee et al., 2004). In addition, SBA-15 has 
already been used in heterogeneous catalysis as a catalyst support because it has 
high surface area and pore volume, one can modify its surface and control of 
pore size distribution. In this section, the applications of SBA-15 and 
M-SBA-15 in catalysis will be reviewed. 
SBA-15 has advantages for several applications because the reactant 
molecules have easier access to the inside of the pore structure than they do in 
MCM-41 series materials. SBA-15, with its very high surface area and uniform 
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pore sizes, is very suitable for use as a catalyst support in some reaction systems 
such as CO2 reforming of methane, CO2 reforming of ethanol and 
decomposition of methane and so on. The mesopores allow a faster mass 
transfer to the surface of the primary particles. The fast diffusion of molecules 
through the mesopores in SBA-15 or Ce-SBA-15 allows the direct interaction 
between reactant molecules and catalytically active sites on the pore-wall 
surface to promote the reaction.  
Generally, in order not only to improve the catalytic performance but also to 
reduce coke formation, a high-surface-area catalyst support, such as SBA-15 is 
used to disperse metallic particles. These factors make the catalyst not only 
more active but also more stable due to the lower coke formation on 
highly-dispersed metallic particles. It is well known that by increasing the 
amount of another metal in the SBA-15 framework, it will generally increase the 
pore wall thickness, resulting in higher stability for high temperature catalytic 
processes. Although SBA-15 is generally not suitable for steam reforming of 
ethanol, as the ordered structure of the SBA-15 is observed to be partially 
destroyed under hydrothermal conditions (Shah and Ramaswamy, 2008; Lee et 
al., 2008), an SBA-15-based catalyst is suitable for CO2 reforming of ethanol or 
methane since these reactions do not involve any water. These both SBA-15 and 
M-SBA-15 have been reported for other applications such as the oxidation of 
cyclohexene (Timofeeva et al., 2007) and ammonia decomposition (Liu et al., 
 
 






In the last decade, research on nanotubes has gained much momentum and 
has drawn much interest as component in nanotechnology. Single molecules, 
single atoms or single electrons coupled with relatively strong quantum-size 
effects show significant influences on the behavior and properties of 
nanostructured materials. Furthermore, the geometry of low-dimensional 
materials is an important conceptual novelty to be fully explored. In this regard, 
a quantum dot or a small nanoparticle is considered to be a new zero dimension 
material, while a nanotube is considered to be a new one dimension material. 
Carbon nanotubes were one of the first reported one dimensional (1 D) 
nanostructure materials. They were synthesized by using bottom-up processes 
(Iijima, 1991). This single finding aroused an entire field of intense research 
interests into the synthesis, assembly and applications of carbon nanotubes, 
research on other 1-D materials (for example: nanowires) followed closely in 
time (Law et al., 2004). The discovery of carbon nanotubes sparked research to 
create new inorganic and organic nanotubes. The inorganic nanotubes include 
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2.3.2.1. Properties of nanotubes 
 
The physical and chemical properties of nanotubes gradually became the 
subject of experimental studies after Iijima discovered carbon nanotubes in 1991 
and after Smally et al. improved the yield of nanotubes to around 80% in 1995. 
As a result of these discoveries, researchers can now synthesize, fabricate and 
manipulate ordered arrays, bundles and ropes of nanotubes in large amounts. 
Most will wonder what is so special and unique about nanotubes. Generally, the 
following explanations provide some understanding and reason for the great 
interest in them.  
Capillary forces within nanotubes can reach their theoretical maximum 
values due to their minimum radii. As a result, these are unlimited possibilities 
to fabricate new composite nanostructured materials with controllable properties. 
It allows us to improve the optical, electrical, mechanical and other properties 
over a wide range by alloying carbon or inorganic nanotubes with substitutional 
additions of metal or other elements to form mixed nanotubes or interstitial 
additions of new elements to form intercalated nanotubes. Herein, it maximizes 
the realizable surface area of the ordered nanotube arrays, making them suitable 
for applications as nano-sensors, nanostructured membranes, hydrogen storage 
materials and so on. In addition, many types of nanotubes (for example: carbon 
and those based on boron nitride) integrate high tensile strength and the 
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flexibility of two dimensional foils with low density to reach specific strength. 
The phase transformation that occurs when a 2D-sandwhich is curled into a 
1D-nanotube can influence the quantum properties of the nanotubes. Some of 
the more interesting geometrical properties of nanotubes include symmetry, 
electronic, quantum, thermodynamic, mechanical, phonon and superconducting. 
 
2.3.2.1.1. Symmetry properties 
 
The symmetry properties of nanotubes has a significant influence on many of the 
physical properties of nanotubes (Milosevic et al., 2000). Through the principle of 
momentum conservation under torsional, translational and rotational 
transformation, it is possible to find the quantum numbers that characterize the 
quantum states of the nanotubes, and then to use them to classify and 
appropriately predict electronic and vibrational properties and mode as well as 
their Raman and Infrared spectra. 
 
   2.3.2.1.2. Electronic properties 
 
The electronic properties of nanotubes are very important for the synthesis and 
fabrication of future nanoelectronics ( Ivanovskii, 1999). For example, the 
nanostructure and electronic properties of BxCyNz composite nanotubes and 
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corresponding heterojunctions were investigated with an ab initio approximation 
by Blase and coworkers (Blase et al., 1997 and 1999). The electronic properties of 
BC2N nanotubes rely on the ordering and segregation of C and BN domains. The 
B can be alloyed into carbon nanotubes to form BC3 superstructures, causing the 
formation of quantum points or heterojunctions of nanotubes. According to 
electrical resistance measurements, the alloyed BC3 behaves as a semiconductor 
(Wei et al., 1999). In fact, the nanostructure of coaxially mixed nanotubes, 
C-BN-C, with sandwich-type layers sparked much interest in related domains of 
research (for example: the metal − insulator − metal layered structure in memory 
devices) (Suenaga et al., 1997). One example is GaSe as a semiconductor. The 
formation of GaSe nanotubes was predicted theoretically (Cote et al., 1998). The 
energy gap in semiconducting GaSe nanotubes was predicted to decrease with the 
decrease of the diameter of the nanotubes.  
 
  2.3.2.1.3. Thermodynamic properties 
 
The heat capacity Cv of nanotubes should be high because of the wide spectrum 
of characteristic vibrational modes and the velocity of heat carriers (for example: 
electrons and phonons) along the axis of one dimensional hollow nanotubes. It is 
assumed that the temperature gradient dimensional effects along nanotubes are not 
substantial because the length of nanotubes is assumed to have exceeded the free 
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path length of quasiparticles λ. Therefore, the coefficient of thermal conductivity 
of a nanotube ( K = 1/3Cvρvcλ ) should be very high. For example, at room 
temperature with K = 6600 W/m.K, it is estimated that the thermal conductivity of 
a (10,10) carbon nanotube is twice that of diamond or graphite ( Srivastava, 2001). 
As a result, 2 dimensional coatings of nanotubes, which have high internal surface 
area and high K coefficient, are promising as heat-extracting structures. 
 
  2.3.2.1.5. Mechanical properties 
 
The mechanical properties of nanotubes show important influence on the uses of 
nanotubes as the nanoreactor, nanodevice or composite materials. These have 
been investigated experimentally with the Young’s modulus being used as one 
measure of the mechanical strength of nanotubes. Young’s modulus generally can 
be calculated by using molecular dynamics via the following equation 
(Pokropivny et al., 2000; Hernandez et al., 1999; Hernandez et al.; 1998): 
Y = 1/V0(d2E/dε2)ε = 0, 
where V0 = sal1 denotes the equilibrium volume; sa = 1/ρa denotes surface area per 
atom; l1 denotes layer thickness; E denotes total energy; ε denotes relative 
deformation. The calculated Y values of carbon, boron mixed with carbon, 
nitrogen mixed with carbon or boron, phosphor and silicon nanotubes shows that 
the Young moduli of nanotubes decrease in the order: C (~1200 GPa) > BC3 
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(~900 GPa) > BN (~800 GPa) > C3N4 (~600 GPa) > P (~280 GPa) > SiH (~70 
GPa) > Si (~60 GPa). As such, certain types of nanotubes were suitable for uses as 
tips of atomic force microscopes and scanning probe microscope due to their high 
rigidity, axial strength, and controllable structure (Pokropivny et al., 2000; 
Rothschild et al., 1999). They can also be used as lubricants as they significantly 
reduce the coefficient of wear and friction ( Rapoport et al., 1997). In addition, the 
high specific strength and elasticity of certain types of nanotubes allow them to be 
used as reinforcing fibers in composite nanostructure materials, implying that they 
can be applied in the units of future microelectro-mechanical systems in 
nano-device and nanorobots. 
 
2.3.2.2. Carbon nanotubes 
 
More and more researchers pay attention to nanotubes, in specific carbon 
nanotubes, due to their unique properties and potential applications in some 
aspects since the discovery of carbon nanotubes by Iijima in 1991. Iijima first 
reported multi-walled carbon nanotubes (MWNT), and then discovered 
single-walled carbon nanotubes (SWNT) with Bethune in 1993 (Iijima, 1991; 
Bethune et al., 1993; Iijima and Ichihashi, 1993). SWNTs were found to have 
many excellent chemical and physical properties. Among the materials which 
are presently known, carbon nanotubes are in fact one of the strongest materials 
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(Tan and Lim, 2006; Harris, 2004; Huang et al., 2006). For examples, the 
strength of SWNTs is around one hundred times stronger than commercial high 
carbon steel, and the tensile modulus of SWNTs is many times higher than steel 
(Daenen et al., 2003; Yu et al., 2000; Krishnan et al., 1998). In addition, metallic 
SWNTs also display improved electronic properties (for example: ballistic 
transport) (Javey et al., 2003). Originally, carbon nanotubes were discovered as 
capped nanotubes, which then were opened up by several methods (for example: 
oxidation method and nitric acid treatment etc.) and filled with several materials 
(for example: Pd, Ni and uranium oxide) (Tsang et al., 1993 and 1994; Ajayan et 
al., 1993a). The functionalization of carbon nanotubes by fluorinating or 
silylating etc. was then brought into attention only a few years later (Yudanov et 
al., 2002; Strano et al., 2003; Tagmatarchis and Prato, 2004; Zhang et al., 2006; 
Goldsmith et al., 2007; Hemraj-Benny and Wong, 2006).  
In recent years, researchers continued to find applications for the carbon 
nanotubes. Some examples are as a catalyst (Guczi et al., 2006), a ballistic 
conductor (White and Todorov, 1998), a nanoscale conveyor (Regan et al., 
2004), as composites (Hu and Sinnott, 2004; Xia and Song, 2005), for hydrogen 
storage (Liu et al., 1999; Dillon et al., 1997), a transistor (Javey et al., 2003; 
LeMieux et al., 2008), biosensors (Lin et al., 2004), for protein immobilization 
(Jiang et al., 2004), as a membrane (Hinds et al., 2004; Che et al., 1998), a 
sensor (Modi et al., 2003; Ghosh et al., 2003), a probe tip for STM (Hafner et al., 
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1999) and as nano test-tubes (Orikasa et al., 2006; Gasparac et al., 2004).  
Among the above mentioned applications of carbon nanotubes, we mainly 
focused on catalysis application. SWNTs are a suitable candidate as supports for 
metal or multi-metal nanoparticles due to their high surface area and the fact that 
most of the carbon atoms are surface atoms. Furthermore, it is noted that carbon 
nanotubes and the supported metal or multi-metal nanoparticles will interact 
with each other to influence their properties and morphology.  
Carbon nanotubes as supports for nanoparticles have exhibited significant 
application in the area of catalysis with good catalytic efficiency and catalytic 
performance (Planeix et al., 1994; Carmo et al., 2005). The nanoscale 
dimensions of nanoparticle/nanotube catalysts promote electron transfer kinetics 
and diffusion rates, properties which could revolutionize the field of catalysis. 
As such, many research groups have devoted extensive investigations on the 
uses of carbon nanotubes as catalyst supports. For example, Pt 
nanoparticles/SWNTs exhibited increased catalytic performance for the oxygen 
reduction reaction and methanol oxidation (Girishkumar et al., 2004). The 
current values of methanol oxidation on Pt nanoparticles/SWNTs were reported 
to be approximately ten times that of the values obtained over Pt deposited on 
optically transparent electrodes. The current values of oxygen reduction 
reactions over Pt nanoparticles/SWNTs were 1.5 times higher than for the 
unsupported Pt nanoparticles. Pt nanoparticles/MWNT paper were studied, and 
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it was shown that the performance of fuel cells could be enhanced when smaller 
size Pt particles are used instead (around 2.5 nm) (Wang et al., 2004). In 
addition, Pd nanoparticles/SWNT bundles showed high activity for hydrazine 
oxidation and the loading of Pd could be minimized by using the SWNTs as the 
catalyst supports (Guo and Li, 2005).  
 
2.3.2.3. Oxide nanotubes 
 
Oxide nanotubes were extensively investigated in recent years because oxide 
materials are fundamentally used as catalyst support, ceramics, membrane and 
additives and so on. Indeed, oxide nanotubes have some unique properties and 
characteristics that allow applications in high temperature, pressure and loading 
environment (Chen et al., 2007a). As explained in the previous section (2.3.1.2 
Carbon nanotubes), the fabrication, functionalization and applications of carbon 
nanotubes provide us with similar methods and directions in the comprehensive 
study and related research of oxide nanotubes.  
 
2.3.2.3.1 Synthesis methods of oxide nanotubes 
 
Many types of oxide nanotubes have already been fabricated and synthesized 
by using some different methods. At present, the following oxide nanotubes 
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were reported: TiO2 (Byrne et al., 2007; Yang et al., 2008), VOx (Azambre et al., 
2003; Spahr et al., 1998; Krusin-Elbaum et al., 2004), SnO2 (Kuang et al., 2009; 
Lai et al., 2006), Fe2O3 (Yu and Urban, 2007), MgO (Chen et al., 2009a; Fan et 
al., 2003), Co3O4 (Du et al. 2007; Lou et al., 2008), Al2O3 (Kim et al., 2003a) , 
MnO2 (Cheng et al., 2005), W18O49 (Li et al., 2003), TbO3 (Tang et al., 2003), 
Y2O3 (Fang et al., 2003), SiO2 (Wang et al., 2001; Nakamura et al., 1995), 
Ga2O3 (Granham et al., 2003), Bi2O3 (Li et al., 2006), and Er, Tm, Yb, Lu oxide 
nanotubes (Yada et al., 2002). Each synthesis and fabrication method has its 
own unique advantages and of course some drawbacks. For example, the 
hydrothermal synthesis method, one of the synthesis methods, is applied to 
fabricate oxide nanotube by adjusting the reaction temperature, time and 
concentration. Generally, structure-directed agents are used to form tubular 
shapes wrapped by oxides under hydrothermal synthesis, and then removed later 
in the synthesis process by means of calcination or ion-change process and so on 
(Byrne et al., 2007; Azambre et al., 2003; Spahr et al., 1998; Krusin-Elbaum et 
al., 2004; Fan et al., 2003; Cheng et al., 2005; Tang et al., 2003). However, 
hydrothermal synthesis done without a structure-directed agent is also available, 
an example is by the hydrothermal alkaline route (Fang et al., 2003). Oxide 
nanotubes synthesized via the hydrothermal treatment are able to be obtained as 
good crystalline and pure-phase nanostructures. These can be produced in one 
step within a tightly closed vessel. As such, it is viable to fabricate tube 
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morphology for application. Many modification methods can be made to 
enhance the properties of oxide nanotubes. The sol-gel method was used to 
synthesize oxide nanotubes through gelation (Wang et al., 2001; Nakamura et al., 
1995). Another method, template-directed synthesis, generally uses an alumina 
membrane, carbon nanotubes or oxide nanorod/nanotube arrays as templates to 
fabricate oxide nanotubes by electrodeposition, acid etching or oxidation and so 
on (Kuang et al., 2009; Lai et al., 2006; Du et al. 2007; Tang et al., 2003; Li et 
al., 2006;  Yada et al., 2002). Regarding the template–directed synthesis 
method, the alumina nanoporous membrane generally consists of an array of 
parallel straight nanopores with uniform diameter and length. The scale and 
dimensions of oxide nanotubes can be moderately controlled by using templates. 
However, the template–directed synthesis method is an expensive process as it 
involves the use of a costly membrane, usually coupled with a complicated 
fabrication processes. In such syntheses there are often encountered difficulties 
(for example: prefabrication and post-removal of the templates to cause 
impurities in oxide nanotubes or destroy of tube morphology). In addition to the 
synthesis methods mentioned, there are still other fabrication methods for oxide 
nanotubes such as the anodic electrochemical synthesis (Yang et al., 2008), 
synthesis by using oil bath and reflux (Lou et al., 2008), and oxidation of metal 
foils under vacuum conditions (Li et al., 2003).  
When compared to the above mentioned methods, it is noted that except for 
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the hydrothermal synthesis method, most of the other methods are either not 
suitable for large scale production or are not able to yield low dimensional, well 
separated and crystallized oxide nanotubes at a low cost (Poudel et al., 2005). 
Based on the extensive literature reviews with regard to oxide nanotubes, the 
researchers generally investigated five aspects of oxide nanotubes (for example: 
the effects of synthesis factors and washing procedures, formation mechanism, 
post-treatments, modifications, and related applications, which are further 
subdivided into their pertinent studies). 
 
2.3.2.3.2. Formation mechanism of oxide nanotubes 
 
Several mechanisms have been reported in the literature to fabricate 
inorganic nanotubes under several synthesis methods, such as the Kirkendall 
effect, a rolling mechanism, the growth of inorganic nanotubes on nanoparticles, 
the rearrangement of amorphous nanoparticles to form nanotubes and the 
removal of template to form nanotubes.  
The Kirkendall effect is well known in metallurgy. A nonreciprocal mutual 
diffusion between two metals causes vacancy diffusion to compensate for the 
inequalities of the material flow (Nakajima, 1997). The Kirkendall effect was 
found to be applicable to the fabrication of nanoscale hollow structures since the 
first demonstration in 2004 (Yin et al., 2004). For example, ZnAl2O4 and 
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Zn2SiO4 nanotubes were synthesized by solid-state reaction of core/shell 
nanowires through the Kirkendall effect (Fan et al., 2007; Zhou et al., 2007a). 
CuO polycrystalline nanotubes were synthesized by dry oxidation of Cu 
nanowires (Chang et al., 2005). CeO2 nanotubes were fabricated from 
Ce(OH)CO3 nanorods through a mechanism due to Kirkendall diffusion (Chen 
et al., 2009b). Chen et al. (2009c) synthesized Zr-doped ceria nanotubes from 
nanorods based on Kirkendall effect.  
A rolling mechanism was reported for the fabrication of WO3 nanotubes 
using the effect of intercalated polyaniline (Wang et al., 2007a). The growth of 
oxide nanotubes on nanoparticles is usually observed through the liquid phase 
synthesis. For example, Yue and coworkers synthesized TiO2 nanotubes on CeO2 
nanoparticles in liquid solution through the process of colloid-catalyzed 
deposition (Yue et al., 2006). Rearrangement of amorphous nanoparticles to 
form oxide nanotubes has already been reported. In the fabrication of 
mixed-oxide nanotubes, Nair et al. observed that salt precursors condensed into 
amorphous nanoparticles which then rearranged to form ordered nanotubes 
(Mukherjee et al., 2007). The formation mechanism of oxide nanotubes by 
removal of template were also reported by some researchers. A 
structure-directed agent has also been used as a template to be wrapped by 
inorganic materials which forms nanotubes after the removal of the template at 
the latter stage (Spahr et al., 1998; Krusin-Elbaum et al., 2004; Fan et al., 2003).  
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2.3.2.3.3. Applications of oxide nanotubes 
 
Because oxide materials are used extensively in many applications, such as 
nanofluidics, membranes, catalyst supports, gene delivery and so on, oxide 
nanotubes have attracted intense research interest in the past decade and even 
now. The applications of oxide nanotubes in catalysis are regarded as a potential 
promising field due to chemical and physical properties of oxide nanotubes. 
Tubular structures were applied in biological separation by using a solution 
templating process (porous Al2O3 as templates) (Lee et al., 2002a). 
Glycerol-filled nanochannels were investigated to study the effect of 
electrostatic fields, which penetrate throughout the nanotubes by adjusting 
surface potential or charges (Gajar and Geis, 1992). Studies of the liquid 
transport characteristics of the silica nanotubular membrane prepared by using 
porous alumina templates have already been reported (Kuo et al., 2001). 
Nanotubule membranes were also applied in voltage-controlled ionic flux 
selection and molecular separation (Lee et al., 2002b; Nishizawa et al., 1995; 
Kang et al., 2001). In addition, oxide nanotubes have also been used as 
nano-containers for gene delivery and extraction (Mitchell et al., 2002; Chen et 
al., 2005). In this study, the properties of oxide nanotubes, such as symmetry 
properties, electronic properties, thermodynamic properties, redox properties 
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and so on, were investigated in different catalytic performance of Rh-based 
oxide nanotube catalysts in steam reforming of ethanol (SRE) and CO2 
reforming of ethanol (CRE). 
 
2.4. Reviews of CO2 reforming (CRE) and steam reforming of ethanol 
(SRE) 
 
Production of H2 attracts intense research interest as a solution for the 
ever-increasing demand for alternative energy sources, especially 
implementation of a fuel cell system (Liguras et al., 2003). Generally, the 
practical methods for producing hydrogen fall into five processes: CO2 
reforming of fuel, steam reforming of fuel, partial oxidation reactions, water 
electrolysis, and gasification.   
   Global climate change and the greenhouse effect have always been 
regarded as a long-term international problem faced by every country around the 
world. Global warming and the greenhouse effect are related to atmospheric 
CO2 accumulation (Kerr, 2006). Therefore, chemical utilization of CO2 has 
become an attractive yet challenging subject to deal with the above issues. CO2, 
which is one of the main greenhouse gases, when used in reforming of ethanol, a 
renewable resource, has become one of the most important methods to transform 
reactants containing CO2 to valuable chemicals, such as syngas or hydrogen gas. 
In addition, steam reforming of ethanol (SRE) has been widely investigated 
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because ethanol is renewable, biodegradable, and less toxic.  
 
2.4.1. Reactions of CRE and thermodynamic study 
 
CO2 reforming of ethanol (CRE) has several advantages. Firstly, ethanol is 
renewable, biodegradable, easily transportable, less dangerous and less toxic, 
while methane is non-renewable and highly explosive (Goula et al., 2004; Velu 
et al., 2005; Deluga et al., 2004). Secondly, CO2 reforming of ethanol is 
thermodynamically favorable above 318°C, whereas CO2 reforming of methane 
is only thermodynamically feasible when the reaction temperature reaches over 
642°C (Puolakka and Krause, 2007). Thirdly, the main reaction of CO2 
reforming of ethanol is:  
 
C2H5OH + CO2 → 3CO + 3H2    (∆H°298K = +297 kJ/mol)         (2-1) 
 
This reaction produces syngas with a theoretical CO/H2 molar ratio = 1 which is 
suitable for the production of liquid hydrocarbons or oxygenated hydrocarbons 
(Adolfo et al., 2008; Zhu et al., 2008).  
   However, some side reactions are also observed in CO2 reforming of ethanol, 
such as: ethanol decomposition (2-2), the dehydration reaction (2-3) and the 
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C2H5OH → CH4 + CO + H2        (∆H°298K = +49 kJ/mol)      (2-2) 
C2H5OH → C2H4 + H2O          (∆H°298K = +45 kJ/mol)       (2-3) 
CO2 + H2 → CO + H2O           (∆H°298K = -39.5 kJ/mol)      (2-4) 
 
Reaction (2-1) is kinetically favored at high temperature because it is strongly 
endothermic, reactions (2-2) and (2-3), which are moderately endothermic, are 
favored at the middle reaction temperature range, whereas reaction (2-4), which 
is moderately exothermic, is generally suppressed at high temperature. 
Therefore, in order to produce a high hydrogen production rate, high reaction 
temperature is chosen for CO2 reforming of ethanol so that reaction (2-1), which 
produces hydrogen, can be enhanced and reaction (2-4), which consumes 
hydrogen gas, can be depressed. 
 
 2.4.2. Reactions of SRE and thermodynamic study 
 
Steam reforming of ethanol (SRE) is the process of hydrogen production 
occurring over a catalyst at a reaction temperature range of 550°C-800°C. The 
aim of research is to produce as much hydrogen as possible from reforming of 
ethanol over a catalyst. Generally, ethanol steam reforming reactions are highly 
endothermic and presented as follows:  
 
C2H5OH + 3H2O → 2CO2 + 6H2      (∆H°298K = +174 kJ/mol)     (2-5) 
C2H5OH + H2O → 2CO + 4H2       (∆H°298K = +256 kJ/mol)      (2-6) 
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  As can be seen from the above reactions, the feed containing ethanol and 
water could produce a large amount of hydrogen gas because the hydrogen 
atoms from the water molecules can be converted into the hydrogen gas. The 
two main reactions lead to high hydrogen production, but it is important to note 
that some side reactions are also happening during reaction and many 
byproducts such as C2H4, C2H6, CH4 and H2O etc. are produced as follows:  
 
C2H5OH → CH3CHO + H2    (∆H°298K = +68 kJ/mol)         (2-7) 
C2H5OH → CO +CH4 + H2    (∆H°298K = +49 kJ/mol)         (2-8) 
C2H5OH → C2H4 + H2O      (∆H°298K = +45 kJ/mol)         (2-9) 
2C2H5OH → CO2 + 3CH4    (∆H°298K = -147 kJ/mol)         (2-10) 
CO + H2O → CO2 + H2      (∆H°298K = -41 kJ/mol)          (2-11) 
C2H5OH + 2H2→ 2CH4 + H2O   (∆H°298K = -157 kJ/mol)       (2-12) 
 
Based on the above reactions, reaction (2-5), which involves reforming 
of ethanol with more steam, is preferred because it can produce more H2 per 
mole ethanol reacted than reactions (2-6), (2-7) and (2-8). The molar ratio of 
ethanol and water in reaction (2-5) is 1:3, showing that when water is in excess, 
the hydrogen production rate per mole ethanol could be increased.  
Furthermore, coke formation is a serious problem that results in 
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deactivation of catalysts according to the following schemes: 
 
(1) Coking based on polymerization reaction of ethylene: 
C2H4 → polymerization → Coke      (2-13) 
      (2) Coking based on the decomposition of methane: 
CH4 → C + 2H2            (2-14) 
(3) Coking based on the Boudouard reaction: 
   CO2 → C + O2            (2-15) 
      (4) Coking from carbon deposition: 
        2CO → C + CO2            (2-16) 
 
2.4.3. Catalysts for CRE and SRE 
 
   According to the thermodynamic analysis, a variety of studies on CO2 
reforming (CRE) and steam reforming of ethanol (SRE) for production of H2 
have already been reported. Catalysts play the very important roles in the 
catalytic reforming of ethanol reactions. In general, the catalysts, which are used 
in CRE and SRE, fall into two categories: (i) oxide catalysts, and (ii) 
oxide-supported metal catalysts. In most of cases, oxide-supported metal 
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  2.4.3.1. Oxide-supported metal catalysts for CRE and SRE 
 
   Generally, oxide-supported metal catalysts include active metals and oxide 
supports. Active metals, which are used in CO2 reforming (CRE) and steam 
reforming of ethanol (SRE), were divided into two categories: (1) non-noble 
metals, and (2) noble metals. The non-noble metals include Ni, Cu, Zn, Co, and 
Fe etc.. Among the above non-noble metals, Zn and Fe have already been 
reported as having low activity for the production of H2 from ethanol (Aupretre 
et al., 2002). Noble metals include Rh, Pt, Pd, and Ru and so on.   
 
  2.4.3.1.1. Non-noble metal catalysts 
     
    Ni-based catalysts have already been investigated by several research 
groups due to its low material cost. Xu and coworkers reported that Ni metals 
are favored to break the bonds in the ethanol molecules (for example: O-H, C-C, 
-CH2-, and –CH3) (Xu et al., 1991). In comparison to the non-noble metal 
catalysts, Ni/MgO catalyst was found to show higher activity and selectivity 
than Co/MgO catalyst due to the lower tendency of Ni metals to be oxidized 
during reaction (Freni et al., 2003). Another finding was that Ni/La2O3 was 
found to be higher activity and stability than Ni/Al2O3 because the strong acidity 
of Al2O3 causes a large amount of ethanol to become involved in the 
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dehydration reaction while La2O3, which is a type of basic support, did not 
(Fatsikostas and Verykios, 2004). Ni-based catalysts over basic supports (such as 
MgO, La2O3 and so on) were also found to exhibit better catalytic performance 
than Ni over acidic supports (such as Al2O3) (Frusteri et al., 2004).  
   Co-based catalysts were also investigated in production of H2 from ethanol. 
It was reported that Co/Al2O3 exhibited good performance, which reached 
almost completed ethanol conversion and a hydrogen selectivity of ~70%, in 
steam reforming of ethanol due to suppressing methanation of CO and 
decomposition of ethanol (Haga et al., 1997).  In another paper, the product 
distributions and selectivity of hydrogen over Co/Al2O3 were found to be 
dependent on the precursor of supports and preparation methods (Kaddouri and 
Mazzocchia, 2004). Furthermore, Co/Al2O3 was found to produce a low 
hydrogen production rate and a considerable amount of coke to cause 
deactivation even after 2-3 h of reactions (Cavallaro et al., 2001). Llorca and 
coworkers reported that Co/ZnO exhibited higher catalytic activity, product 
selectivity and thermal stability than that of Co/Al2O3 because ZnO promotes 
the reduction of Co (Llorca et al., 2003a). In addition, the precursors of Co and 
pretreatment conditions have an influence on the catalytic performance of the 
Co/ZnO catalyst. By using different Co precursors, Co/ZnO catalyst exhibited 
higher ethanol conversion and higher hydrogen selectivity, lower C2 and C3 
species with Co2(CO)8 than with  Co(NO3)2 as the precursor (Llorca et al., 
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2003b). However, a considerable amount of coke, which can cause deactivation 
of catalysts, was formed on Co/ZnO in the reforming reactions.   
  Cu-based catalysts were also widely investigated in ethanol reforming 
reactions. Nishiguchi reported that the catalytic performance of Cu/CeO2 
showed very low selectivity of hydrogen and a large percentage of acetone in 
the products of steam reforming of ethanol (Nishiguchi et al., 2005). 
CuO/ZnO/Al2O3 catalyst was also studied in ethanol reforming, which showed 
that the main products of the reaction are CO, CO2, and H2 at the reaction 
temperature of above ~ 357 oC (Cavallaro and Freni, 1996). Although Cu shows 
high water gas shift and dehydrogenation activity, it was found to exhibit low 
activity in ethanol reforming reactions (Tu and Chen, 1998; Aupretre et al., 
2002).  
 
2.4.3.1.2. Noble-metal catalysts 
 
  Pt-based catalysts have already been investigated by several research groups 
to produce hydrogen from ethanol. Pt/Al2O3 catalyst, which was modified by Ce 
or La, was found that Ce enhanced the hydrogen production rate as the promoted 
additives while La did not enhance the catalytic performance of Pt/Al2O3 as 
much as Ce did (Navarro et al., 2005). Interestingly, the Pt/Al2O3 catalyst, when 
combined with Ce and La simultaneously, showed even worse catalytic 
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performance than with the addition of other Ce or La alone because La 
restrained the interaction between Ce and Pt. As for the noble metal itself, Pt 
was reported by Breen and coworkers to show lower activity than Pd (Breen et 
al., 2002). It was further proven that the Pd/Al2O3 catalyst shows high ethanol 
conversion and selectivity to hydrogen in steam reforming of ethanol by Goula 
and coworkers (Goula et al., 2004).  
   Rh-based catalysts have already been extensively studied for production of 
hydrogen from ethanol. Rh was found to be the most active metal among Rh, Pd, 
Ni, Pt and the order of the activity of metals in steam reforming of ethanol is as 
follows: Rh > Pd > Ni = Pt (Breen et al., 2002; Aupretre et al., 2005). It was also 
reported that Rh is the most active metal among the noble metals for ethanol 
reforming (Wanat et al., 2004; Rasko et al., 2004). Deluga and coworkers found 
that more than 95% of ethanol conversion and ~100% of H2 selectivity can be 
obtained over Rh/CeO2 at gas hourly space velocity (GHSV) of ~150 000 h-1and 
in the temperature range of 700-800ºC (Deluga et al., 2004). The Rh/MgO 
catalyst was found to be capable of achieving complete ethanol conversion but it 
also produced a high percentage of methane (~10%) in the products, indicating 
that Rh/MgO may be active for the water gas shift (WGS) reaction, the 
decomposition of C2H4O, or the methanation of COx (Frusteri et al., 2004). 
Furthermore, Rh/MgO also leads to a substantial amount of carbon deposition, 
which can cause the catalyst to deactivate within hours of reaction.  
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  The Rh/Al2O3 catalyst was also reported to show good performance for the 
production of hydrogen from ethanol and it was also reported that the weight 
percentage of Rh in the catalysts has a significant influence on the catalytic 
performance of Rh/Al2O3 (Cavallaro et al., 2000; Fatsikostas et al., 2002). When 
the weight percentage of Rh in the catalyst is 0.5wt%, Rh/Al2O3 exhibited easy 
deactivation and produced a substantial amount of methane in gas products. 
Rh/Al2O3 has also been reported to produce a substantial amount of carbon in 
oxidative steam reforming of ethanol, which is due to polymerization of CHx 
species in the ethanol reforming reactions (Cavallaro et al., 2003). Freni (2001) 
found that the poor activity of low content Rh in Rh/Al2O3 series catalysts is 
attributed to the acidic nature of the support-Al2O3, which as mentioned 
previously favors the dehydration reaction to produce ethylene. When the 
amount of Rh loading over Rh/Al2O3 is increased, it was reported that the 
catalytic performance for steam reforming of ethanol is enhanced. The 5wt% 
Rh/Al2O3 catalyst shows complete ethanol conversion at GHSV of 37 500 h-1, 
water/ethanol ratio of 8.4:1 and 650oC.      
  Noble metals have been reported to be effective for C-C bond dissociation 
(Yee et al., 2000). Rh is the most active metal among the noble metals and 
shows excellent performance for production of hydrogen from ethanol. 
Furthermore, the order of the activity of metals in steam reforming of ethanol is 
as follows: Rh > Pd > Ni = Pt. Ni-based catalysts were shown to deactivate 
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easily due to the coke formation (Marino et al., 1998 and 2001; Fierro et al., 
2002). In view of high activity and low coke formation of Rh, it will be used as 
the active metal of the catalysts to produce hydrogen from ethanol in this study. 
As mentioned earlier, catalyst supports have a significant influence on the 
catalytic performance of Rh-based catalysts, however, there are still some 
catalysis phenomena related to different catalyst supports that are still not clear 
yet. Therefore, this study will focus on the influence of the catalyst support on 
the catalytic performance of Rh-based catalysts in ethanol reforming reactions to 
produce hydrogen gas. Furthermore, Rh-based catalysts which were previously 
reported to be useful for the ethanol reforming reactions, such as Rh/CeO2, 
Rh/Al2O3 and Rh/La2O3, will be used as catalysts to compare with newly 
developed catalysts, to explain their hydrogen production rates, ethanol 
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Chapter 3. Experimental 
 
In this chapter, the reaction system, experimental processes and characterization 
of nanomaterials used in this study are described in details. While, for the 
purpose of clearance, some nanomaterial synthesis and catalyst preparation 
methods etc., will be described individually in the specific chapters.  
 
3.1. Reaction system 
 
As shown in Figure 3-1 and Figure 3-2, the steam reforming and CO2 reforming 
reactions were conducted in stainless steel tube reactor (Ø=6mm) fitted in one 
tube furnace and linked to an online gas chromatography to analyze the molar 
percentage of each component in gas product. Different reactant mixtures 
according to different molar ratio were pumped into the vaporizer (~150°C) by a 
syringe pump (ISCO Model 100DM) at different flow rates. In a typical 
experiment, the catalysts of 100mg were used and reduced under stream of 25% 











          Figure 3-1. Reaction system of steam reforming of ethanol  










    
            Figure 3-2. Reaction system of CO2 reforming of ethanol 
 
3.2. Product analysis 
 
 Gas hourly space velocity (GHSV) of mixture (ethanol and water: 0.09 
ml/minute equal to ~ 80000 h-1 in SRE; ethanol and CO2: ~15000 h-1 in CRE) 
H2N2
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was calculated by using real gas equation at 150°C. The reactor was heated in a 
horizontal furnace (Carbolite) with the reaction temperature range of 550-800oC.  
Analysis of gas product was conducted by online gas chromatography HP-6890 
connected to the exit of reactor. As 30 ml/minute of nitrogen gas is carrier gas 
and inert species, it was used to calibrate other species of products such as H2, 
CO, CO2, CH4 and C2H4. The product selectivity was defined as 









where C denotes the number of carbon atoms (or H atoms) in each 
product and N denotes the number of moles of each product. 
 
3.3. Characterization of nanomaterials and catalysts 
 
XRD (X-ray Diffraction) was used to characterize the material structure, 
crystalline lattice and composition. The XRD patterns was measured using 
Shimadzu XRD-6000 under 30 mA current and 40 kV voltages, and a 
continuous scan angle 2θ was selected from 10 to 80 degree. A divergence slit 
was inserted between the X-ray and the sample to ensure the interaction of 
X-ray beam with the sample. 
  DTA and TGA (Differential Thermal Analysis and Thermogravimetric 
Analysis) were performed by using Shimadzu DTG-50 thermogravimetric 
analyzer. DTA was used to determine the rate of temperature change of the 
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sample and TGA was used to determine the weight lost of the sample material 
when it was heated at constant heating rate of 10°C per min from room 
temperature to 800°C. 
FESEM (Field Emission Scanning Electron Microscope) images were 
collected by using JEOL (JSM-6700F, equipped with EDX analyzer). A small 
amount of samples were put on the copper film and analyzed in the vacuum 
chamber. 
TEM (Transmission Electron Microscope) images of samples were collected 
using JOEL electron microscope (JEOL JEM-2010, equipped with OXFORD 
INCA EDS analyzer). Typically, one droplet of ultrasonically-dispersed 
suspension of samples in DI water was added to the copper grid on the copper 
film and drying for analysis.  
BET (Brunauer-Emmett-Teller, Autosorb-1, Quanta-chrome) was used to 
analyze the specific surface areas of samples by nitrogen adsorption and 
desorption isotherms.  
XPS (X-ray Photoelectron Spectroscopy) analyses were performed on 
KRATOS AXIS HIS 165 to investigate the valence of active metal species and 
oxygen species on the surface of samples. Anode HT with a current of 10 mA, a 
pass energy of 80 eV, and a voltage of 15 kV was used. The photoelectron 
takeoff angle was 90°C. 
H2-TPD (Hydrogen Chemisorption and Tempertature-programmed 
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Desorption) was performed on ChemBET 3000 (Quantachrome, TPD/TPR 
system) for measurement of active metal dispersion. In a typical experiment, 50 
mg of samples were reduced at 450°C for 60 min followed by H2 adsorption at 
30°C for 60 min. And then the samples were purged under N2 gas environment 
to remove the physically adsorbed H2, followed by a heating process from room 
temperature to 800°C with a heating rate of 10°C/min. H2 pulse titration 
experiments were also finished by the same TPD/TPR system. Because 1 ml of 
H2 was used in H2 pulse titration experiment, the total consumption of H2 in 
H2-TPD can be obtained by comparing the H2 peak areas observed in H2-TPD 
with that observed in pulse titration experiment. The amount of Rh atoms on the 
catalyst surface was calculated based on the amount of desorbed H2. It is 
assumed that one hydrogen molecule was adsorbed on two Rh atoms of the 
catalyst surface. Rh dispersion was then calculated based on the percentage of 
Rh atoms on the catalyst surface with respect to the total Rh atoms in the 
catalysts. 
TPR (Temperature-programmed Reduction) analysis was performed using 
ChemBET 3000. In a typical experiment, 50 mg of catalyst loaded in a U-shape 
quartz tube was degassed with N2 gas for 1 hour at 500°C. After this heat 
treatment, 5% H2/N2 mixed gas was introduced to system, followed by heating 
the sample from room temperature to 800°C under a heating rate of 10°C/min. 
The amount of H2 consumption on different Rh catalysts was similarly 
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calculated based on the corresponding H2 peak areas. 
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Chapter 4. Steam Reforming of Ethanol to H2 over Rh/Y2O3: Crucial Roles 
of Y2O3 Oxidizing Ability, Space Velocity and H2/C 
 
Among four Rh-based catalysts, Rh/Y2O3 is found to produce the highest rate of 
hydrogen in steam reforming of ethanol (SRE) at high reaction temperature 
650-800°C, with the order of catalyst activity as follows: Rh/Y2O3 > Rh/CeO2 > 
Rh/La2O3 > Rh/Al2O3. The activity of Rh/Y2O3 was significantly promoted due 
to the strong oxidizing ability of Y2O3 to oxidize the hydrogen of ethanol to 
form hydrogen gas. The order of activity on four Rh-based catalysts at 
550-650°C is as follows: Rh/CeO2 > Rh/Y2O3 > Rh/La2O3 > Rh/Al2O3, which is 
due to the reducibility of Rh species. In addition, Y2O3 showed only half-price 
of CeO2, which was reported to show excellent performance in SRE reaction in 
previous study. In this study, optimal gas hourly space velocity (GHSV) was 
found via optimizing H2/CO molar ratio and hydrogen production rate. The 
efficiency of the catalyst in converting ethanol is found to be directly reflected 
by H2/C, a new indicator established for the first time in our study. The 
advantages of H2/C reflect not only the efficiency of converted ethanol but also 
the stoichiometry of SRE. Especially, H2/C factor reflect the current trends to 
achieve high hydrogen production rate on carbon emissions as low as possible to 
avoid global warming in a hydrogen economy. 
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4. 1. Introduction 
 
Hydrogen production attracts intense research interests due to the 
ever-increasing demand for alternative energy sources, especially for 
implementation of fuel cell system (Liguras et al., 2003). Generally, the 
practical methods for producing hydrogen are one of four: steam reforming of 
fuel, partial oxidation reactions, water electrolysis, and gasification. Among 
these methods, steam reforming of ethanol (SRE) has been widely investigated 
because ethanol is renewable, biodegradable, and less toxic. Futhermore, ethanol 
is easy for transport and easily decomposed in the presence of water to produce 
the hydrogen-rich product (Deluga et al., 2004; Goula et al., 2004; Velu et al., 
2005; Benito et al., 2005; Haryanto et al., 2005).  
Metals such as Ni, Rh, Pt, Co, and Pd have been used as the active component 
of catalysts in SRE (Yang et al., 2006; Navarro et al., 2005; Montini et al., 2007; 
Sun et al., 2005; Llorca et al., 2003; Domok et al., 2007; Batista et al., 2004; 
Aupretre et al., 2005). Ni-based catalysts were shown to deactivate easily due to 
coke formation (Marino et al., 1998; Marino et al., 2001; Fierro et al., 2002; 
Breen et al., 2002). Among these active metals, Rh is the most active metal in 
SRE and the order of the activity of metals in SRE is as follows: Rh > Pd > Ni = 
Pt (Aupretre et al., 2005; Breen et al., 2002). A number of Rh-based catalysts 
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were prepared with different supports such as CeO2, Al2O3, La2O3, MgO, TiO2, 
and CeO2-ZrO2. The Rh/CeO2 catalyst shows higher water gas shift activity than 
noble metals alone (Deluga et al., 2004). Rh/Al2O3 was stable in the presence of 
oxygen and had less coke formation at 923 K in SRE (Cavallaro et al., 2003). In 
this study, catalytic performance of active Rh-based catalysts reported in 
literature, such as Rh/CeO2, Rh/Al2O3 and Rh/La2O3, were investigated and 
compared to catalytic performance of the novel Rh/Y2O3, which has not been 
reported before in literature. Effects of Rh dispersion, specific surface area, 
chemical state of oxygen species, oxidizing ability of catalyst supports and Rh 
reducibility on the catalytic performance of Rh-based catalysts have been 
investigated. 
Although SRE has been reported to reach nearly complete conversion and 
high selectivity of hydrogen under mild reaction temperature (around 650°C), 
however, the gas hourly space velocity (GHSV) used in the literature was very 
low, yielding a very low hydrogen production rate (Yang et al., 2006). In this 
study, a far higher GHSV has been used and a tentative method for finding an  
optimal GHSV by variation of H2/CO molar ratio and hydrogen production rate 
has been proposed for practical use.  
Furthermore, although ethanol conversion, product selectivity, hydrogen 
production rate and GHSV are generally used to evaluate the performance of 
catalysts (Sun et al., 2004; Erdohelyi et al., 2006; Sun et al., 2006 and 2008), 
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however, these traditional parameters can not fully reflect the efficiency of the 
catalyst in converting ethanol. It is important to design the catalyst to yield as a 
high hydrogen production rate as possible from the converted ethanol. 
Therefore, a new indicator H2/C has been established for the first time in this 
study in order to evaluate the performance of catalysts in SRE as it relates to 
the efficiency of the catalysts in converting ethanol to hydrogen. Furthermore, 
H2/C indicator reflects the current trends in achieving high hydrogen 
production rate with as low carbon emission as possible to avoid global 
warming in hydrogen economy. 
 
4.2. Experimental  
 
4.2.1. Catalyst preparation 
 
Rh/Y2O3, Rh/CeO2, Rh/La2O3, and Rh/Al2O3 catalysts were prepared by the 
wet impregnation method. The starting solution was prepared by mixing 
Ce(NO3)3·6H2O, Y(NO3)3·6H2O, La(NO3)3·6H2O, or Al(NO3)3·6H2O with the 
solution of Rh(NO3)3 under magnetic stirring of ~300 rpm at ~95°C for 8 hours. 
After stirring, the solution was dried and then calcined in air at 600°C for 5 
hours. The catalysts of 40-60 mesh were used in the fixed bed reactor.  
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4.2.2. Reaction system of SRE 
   
The steam reforming reactions were conducted in a stainless steel tube reactor 
(Ø=6mm) fitted in one tube furnace and linked to an online gas chromatography 
to analyze the molar percentage of each component in gas product. Different 
water and ethanol reactant mixtures from a molar ratio 3 or 15 were pumped into 
the vaporizer (~150°C) by a syringe pump (ISCO Model 100DM) at different 
flow rates of 0.045 ml/min (GHSV=34800 h−1) or 0.09 ml/min (GHSV=69600 
h−1). In a typical experiment, catalyst of 100mg was used and reduced under 
stream of 25% hydrogen/nitrogen mixed gas at 450°C for 30 minutes before 
steam reforming reactions.  
          
4.3. Results and discussion 
 
4.3.1. Ethanol conversion over Rh-based Catalysts 
 
Figure 4-1 shows the conversion of ethanol versus reaction temperature over 
various Rh-based catalysts. The ethanol conversion over Rh/Y2O3 or Rh/CeO2 
was below 90% at 550-600°C, and was higher than 95% with the reaction 
temperature higher than 700°C. In fact, Rh/Y2O3 or Rh/CeO2 had a complete 
conversion at 720-800°C. Figure 4-1 also shows that Rh/Y2O3 and Rh/CeO2 
 
                   Chater 4. Steam Reforming of Ethanol to H2 over Rh/Y2O3: Crucial Roles of 
Y2O3 Oxidising Ability, Space Velocity and H2/C 
  60
have higher ethanol conversion than Rh/La2O3 and Rh/Al2O3 at temperatures 
higher than 720oC, showing that Rh/Y2O3 and Rh/CeO2 exhibit better catalytic 
performance than Rh/La2O3 and Rh/Al2O3. Among all these four catalysts, 
Rh/Y2O3 shows the highest ethanol conversion at 650-800°C while Rh/La2O3 
displays the lowest ethanol conversion.  
 























Figure 4-1. Ethanol conversion over four Rh-based catalysts (1%Rh catalysts, 
GHSV=69600 h-1). 
 
4.3.2. Surface area and dispersion analysis 
 
Table 4-1 shows the specific surface areas and Rh contents (in weight 
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percentage as measured by ICP) as well as Rh dispersion for the four Rh-based 
catalysts. Generally higher surface area produces higher Rh dispersion. Although 
Rh/Al2O3 has the highest surface area and Rh dispersion, the performance of 
Rh/Al2O3 was worse than Rh/Y2O3 and Rh/CeO2 because Al2O3 exhibits strong 
acidity which led to low hydrogen production because of this reaction: C2H5OH 
→ C2H4 + H2O (Aupretre et al., 2005). Furthermore, the performance of Rh/Y2O3 
is found to be related to the reducibility of Rh species and the oxidizing ability of 
Y2O3 (these results will be explained in the TPR section). 
 
Table 4-1 Textural characterization of catalysts 
 
Rh Content wt.% SBET Rh DispersionCatalysts 
 (overall)a (m2/g)      (%)b 
1% Rh/La2O3  0.9±0.1 23.3 ≈15 
1% Rh/Y2O3 0.8±0.1 26.9 ≈17 
1% Rh/CeO2 0.9±0.1 35.8 ≈25 
1% Rh/Al2O3 0.8±0.1 53.2 ≈29 
  
a From ICP analysis 
b From H2-TPD analysis 
    
 4.3.3. XRD analysis 
 
Figure 4-2 exhibits the characteristic XRD patterns of the four Rh-based 
catalysts before reduction. Rh/Y2O3 shows XRD peaks at 29.34°, 34.04°, 48.8° 
and 57.94°, which are assigned to Y2O3 phase (PDF-#: 89-5592). Rh/CeO2 
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shows XRD peaks at 28.42°, 32.97°, 47.42° and 56.23°, which are assigned to 
CeO2 phase (PDF-#: 34-0394), similar to the XRD characteristic peaks of CeO2 
reported in the literature (Yu et al., 2007b; Han et al., 2005). Rh/Al2O3 does not 
show any XRD characteristic peaks of Al2O3 due to the small particle size of 
Al2O3. Figure 4-2 also shows that the XRD characteristic peaks of Rh oxide can 
not be observed over all four Rh-based catalysts. 
 














Figure 4-2. XRD patterns of Rh-based catalysts. 
 
4.3.4. TPR-H2 analysis 
       
Figure 4-3 shows the TPR-H2 profiles characterizing the reducible properties of 
the four Rh-based catalysts. The Rh oxide species over these catalysts can be 
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reduced below 500°C and multiple reduced peaks are observed at different 
temperatures (Hwang et al., 1999; Lopez et al., 2006; Cimino et al., 2006; 
Strohm et al., 2006; Kugai et al., 2006; Ferrandon et al., 2006). Luo et al. 
(1997), Wang et al. (2005), and Avgouropoulos et al. (2005) attributed the 
reduction peak at low temperature to the reduction of well dispersed active 
metal species on catalyst surface and the reduction peaks at higher temperature 
were attributed to the larger active metal particles. Therefore, as shown in 
Figure 4-3, the reduction peaks at 129oC (Rh/CeO2), 152oC (Rh/Y2O3), 215oC 
(Rh/La2O3), and 239oC (Rh/Al2O3) are attributed to the well dispersed Rh 
species over the catalyst surface. Song and coworkers reported that the 
catalytic performance of Ni-Rh/CeO2 for oxidative steam reforming of ethanol 
was related to the metal dispersion (Kugai et al., 2006). Hence, well dispersed 
Rh species have a significant influence on the catalytic performance of 
Rh-based catalysts. Based on the reduction temperatures of the first peaks 
(Figure 6-3), the order of reducibility of well dispersed Rh species is as follows: 
Rh/CeO2 > Rh/Y2O3 > Rh/La2O3 > Rh/Al2O3. The deactivation of catalysts are 
generally caused by some set of reasons, such as the reducibility or sintering of 
active metal species or carbon deposition (Kiss and Gonzalez, 1985; Yates and 
Prestridge, 1987; Fiedorow et al., 1978; Zhu et al., 2008). One of the reasons 
causing the deactivation of Rh-based catalysts was reported to be attributed to 
the formation of difficult-to-reduce Rh oxide species (Kiss and Gonzalez, 
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1985), while a sintering of Rh to form large particles also causes the 
deactivation of Rh-based catalysts (Kiss and Gonzalez, 1985; Yates and 
Prestridge, 1987; Fiedorow et al., 1978). Therefore, compared to the 
difficult-to-reduce Rh oxide species, the easy-to-reduce Rh oxide species is not 
inclined to deactivate, and they sustain the catalytic activity of Rh-based 
catalysts.  
Figure 4-3 shows that CeO2 or Al2O3 was reduced at 830°C or 790oC 
respectively, while Y2O3 or La2O3 was respectively reduced at 550-750°C or 
550-720°C. Since easier reducibility of catalyst support indicates that the 
hydrogen from ethanol is more easily oxidised to form hydrogen gas, the TPR 
results show that Y2O3 and La2O3 are more easily reduced than CeO2 or Al2O3 
and have stronger oxidizing ability.  
In addition, the preparation procedure, such as precursors and calcination 
temperature, is known to play an important role in the reducibility of Rh oxide 
(Weng et al., 2006; Liu et al., 2002a). Wan et al. reported that more than 85% 
of Rh oxide species were reduced over Rh/Al2O3 calcined at 600°C, while less 
than 19% of Rh oxide species were reduced over Rh/Al2O3 calcined at 900°C 
(Weng et al., 2006). By comparison, the Rh-based catalysts prepared in this 
study, which were also calcined at 600°C, are suggested to have the similar 
high percentage of reduced Rh oxide species. 
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Figure 4-3. TPR-H2 analysis over four Rh-based catalysts. 
 
4.3.5. XPS Analysis 
 
Figure 4-4 shows O 1s XPS analysis of four Rh-based catalysts before reduction. 
In literature, the characteristic O 1s peaks at 527.05, 528.9, and 532.35 ev over 
Rh/CeO2 are attributed to O-Ce4+, O-Ce3+ and peroxide species (O-), 
respectively (Praline et al., 1980; Qiu et al., 1990). According to Handbook of 
XPS (Wagner et al., 1979), any positive charging adds to the retardation and 
tends to make the peaks appear at higher binding energy.  
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               Figure 4-4. O 1s XPS analysis of Rh-based catalysts. 
 
Therefore, no O- or O2- species are observed over all four Rh-based catalysts, 
indicating that all of oxygen species on the four Rh-based catalysts are O2- 
species. For Rh/CeO2, the characteristic O 1s peak at 527.05 ev is attributed to 
the O-Ce4+, while a very small shoulder peak at 529.5 ev is attributed to the 
O-Ce3+ (Praline et al., 1980; Qiu et al., 1990). The single O 1s peak of Rh/La2O3 
at 529.2 ev is attributed to O-La3+, and the single O 1s peak of Rh/Al2O3 at 
529.6 ev is assigned to O-Al3+. The two O 1s peaks of Rh/Y2O3 may be assigned 
to O-Y3+ in Y2O3 and Rh-O-Y in RhYO3, which was formed between Rh and 
Y2O3 during the calcination process (Ruckenstein and Wang, 2000; Passos et al., 
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2006). According to XPS analysis, the peak positions of O2- are not related to 
the catalytic performance of four Rh-based catalysts. 
 
4.3.6. Activity test  
 
Figure 4-5 shows the catalytic performance (in terms of hydrogen production 
rate) of the four Rh-based catalysts for steam reforming of ethanol. The 
increase of reaction temperature increases hydrogen production rate over these 
catalysts because steam reforming of ethanol is an endothermic reaction which 
causes the increase of H2 and CO at higher temperature. 
  As shown in Figure 4-5, the Rh/CeO2 catalyst gives the highest H2 
production rate at 550-650°C, while Rh/Y2O3, Rh/La2O3, and Rh/Al2O3 exhibit 
sequentially descending H2 production rate. Song and coworkers reported that 
the catalytic performance of Ni-Rh/CeO2 for oxidative steam reforming of 
ethanol was affected by the metal dispersion (Kugai et al., 2006). The effect of 
metal dispersion on catalytic performance was also reported in other reaction 
system (Wang et al., 2009b). However, in this study, the order of the specific 
surface area and Rh dispersion of the four Rh-based catalysts is as follows: 
Rh/Al2O3 > Rh/CeO2 > Rh/Y2O3 > Rh/La2O3. Therefore, Rh dispersion and 
specific surface area may not be the key factors to cause the different catalytic 
performance of these four Rh-based catalysts at 550-650°C. According to O 1s 
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XPS analysis, the chemical state of oxygen species over four Rh-based 
catalysts all are O2- species, which are also not the factor in causing the 
different catalytic performance.  
   Interestingly, the order of reducibility of Rh species on the catalyst surface 
is found to be correlated with the catalytic performance of the corresponding 
catalysts at 550-650°C, suggesting that the reducibility of the Rh species on the 
catalyst surface is the key factor causing the different catalytic performance at 
550-650°C. Based on the TPR-H2 analysis (section 3.4), the difficult-to-reduce 
Rh oxide species cause the deactivation of Rh-based catalysts, while the 
easy-to-reduce Rh oxide species, which are not apt to deactivation, maintain 
the catalytic activity of Rh-based catalysts.  
Figure 4-5 shows that the Rh/Y2O3 catalyst also gives the highest H2 
production rate at 650-800°C, while the other three Rh-based catalyst exhibit 
sequentially descending H2 production rate. Similarly, the surface areas, Rh 
dispersions and state of the oxygen species for the four Rh-based catalysts also 
may not be the key factor giving rise to the different catalytic performance at 
650-800°C. As shown in Figure 4-3, CeO2, Al2O3, Y2O3 and La2O3 were 
reduced at 830°C, 790oC, 550-750°C and 550-720°C, respectively, which is 
consistent with the reaction temperature ranges. Since easier reducibility of the 
catalyst support indicates that the hydrogen from ethanol is more easily 
oxidised to form the hydrogen gas, therefore the hydrogen production rate of 
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Rh/Y2O3 and Rh/La2O3 was promoted higher than that of Rh/CeO2 and 
Rh/Al2O3 at 650-750°C due to the stronger oxidizing ability of Y2O3 and La2O3 
at this temperature range. Furthermore, not only does Y2O3 produce a higher 
hydrogen production rate, but it is only half the price of cerium oxide (Alfa 
Aesar, 2008-2009 Catalogue). Hence, Y2O3 is a potential commercial SRE 
catalyst support and Rh/Y2O3 is a good choice of catalyst for SRE. Therefore, 
Rh/Y2O3 was chosen for further studies on the effect of GHSV, optimal GHSV 
and efficiency of converted ethanol. 
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Figure 4-5. The effect of catalyst supports on hydrogen production rate over 1% 
Rh-based catalysts (GHSV=69600 h-1). 
 
  4.3.7. Effect of gas hourly space velocity (GHSV) on product distribution 
 
Although ethanol conversion has been reported in the literature to reach nearly 
100% at high reaction temperature (around 650-700°C), the GHSV used in 
some previous investigations was very low, resulting in low hydrogen 
production rates (Yang et al., 2006; Aupretre et al., 2005). For example, 
Aupretre et al. (2005) investigated SRE over MgxNi1−xAl2O3 spinel 
oxide-supported Rh catalysts and the ethanol conversion was almost 100% at 
low GHSV (Table 4-2). However, the GHSV used in our study is ~5.2 times 
higher than that used by Aupretre et al., showing that our catalyst is much more 
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active than their catalysts.  
 
Table 4-2 Comparison of ethanol conversion and GHSV 
 GHSV Temperature H2O/EtOH Ethanol Conversion
Aupretre (2005 13400 h−1 700°C H2O/EtOH=4 ~100% 
Our Study 69600 h−1 700°C H2O/EtOH=3 ~100% 
 
Furthermore, Yang et al. (2006) reported a complete conversion of SRE but 
at very low liquid hourly space velocity (LHSV) over Ni/ZnO at 650°C. For 
comparison, the catalyst in our study can also reach complete conversion at 
650°C but at much higher LHSV of 54.23 h−1 (Table 4-3), which is about 11 
times higher than that used by Yang and coworkers.  
 
Table 4-3 Comparison of ethanol conversion and LHSV 
 LHSV Temperature H2O/EtOH Ethanol Conversion
Yang (2006) LHSV=5.0 h−1 T=650°C H2O/EtOH=8 ~100% 
Our Study LHSV=54.23 h−1 T=650°C H2O/EtOH=3 ~100% 
 
All of the above studies show that ethanol conversion alone may not be 
correctly used to compare the activity of catalysts because even lower activity 
catalysts can also convert ethanol at nearly 100% but at very low GHSV. In 
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fact, GHSV is also an important factor in evaluating the performance of 
catalyst on ethanol conversion (Cavallaro et al., 2003; Llorca et al., 2002). 

































Figure 4-6. The effect of GHSV on product selectivity (1% Rh/Y2O3). 
 
Figure 4-6 shows the effect of GHSV on product selectivity over Rh/Y2O3 
catalyst at 700°C, with the selectivity to H2, CO, and CO2 decreasing with the 
increase of GHSV. Wanat et al. (2004) investigated ethanol conversion, 
selectivity for H2 and CO, and the H2/CO ratio over Rh/CeO2 catalysts at 
different GHSVs, and their results showed that the ethanol conversion 
decreased to ~80% over Rh/CeO2 catalyst at high flow rates. Compared with 
Wanat’s work, our study also shows that ethanol conversion decreased at 
higher flow rates because less ethanol was converted at shorter contact time 
and the decrease of ethanol conversion caused the decrease in CO yield in the 
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Figure 4-7. The effect of GHSV on molar concentration of products over 1% 
Rh/Y2O3. 
 
   Figure 4-7 shows the effect of GHSV on product distribution. The molar 
concentrations of H2 and CO2 changed slightly with the increase of GHSV. But 
the molar concentration of CO decreased from 22% (at GHSV = 10,000 h−1) to 
18% (at GHSV = 160,000 h−1). The molar concentration of CH4 was increased 
from 1% (at GHSV = 10,000 h−1) to 3% (at GHSV =  50,000 h−1), after that it 
was kept constant. Yang et al. (2006) investigated the effects of LHSV on the 
selectivity of H2 and byproduct distribution. They reported that the 
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concentrations of CO2 and CO changed slightly with the increase of LHSV at a 
range of 0~25 h−1. However, Figure 4-7 shows that the decrease of CO molar 
concentration in our study was accompanied by a decrease of ethanol conversion, 
whereas Yang’s work showed only a slight change of CO concentration due to 
the short range and low value of LHSV. 
 
4.3.8. Optimal GHSV over Rh/Y2O3 for steam reforming of ethanol (SRE) 
 
A tentative method for finding optimal GHSV over high active catalyst 
Rh/Y2O3 catalyst was investigated. Figure 4-8 and 4-9 show the effects of 
GHSV on hydrogen production rate, ethanol conversion and H2/CO at 700°C. 
Figure 4-8 shows that the increase of GHSV caused the increase of hydrogen 
production rate until ~140,000 h−1, and then the hydrogen production rate 
didn’t increase further. Since the contact time is very small at high GHSV, 
ethanol has not been fully converted. As the GHSV is increased from ~10,000 
h−1 to ~70,000 h−1, the increase of hydrogen production rate was linear, 
indicating that hydrogen production rate was nearly double as doubling feed 
flow rate from 0.045 ml/min (GHSV = ~34,800 h−1) to 0.09 ml/min (GHSV = 
~69,600 h−1) at 700-750°C. However, as GHSV was increased higher than 
~70,000 h−1, the increase of hydrogen production rate was not linear.  
Figure 4-8 shows that H2/CO passed through a maximum value of ~4.6 at 
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GHSV of ~105,000 h−1 and then gradually decreased. This operation condition 
can be chosen as the optimal reaction conditions to reach the highest H2/CO 
molar ratio because CO is poisonous for Pt catalysts of fuel cell. Therefore, the 
highest H2/CO ratio indicates the highest H2 production over the lowest amount 
of produced CO. As shown in Figure 4-9, ethanol conversion was nearly 100% 
for GHSV ranging from ~10,000 h−1 to ~50,000 h−1, after that a gradual 
decrease till a value 65% at GHSV of 160,000 h−1. In addition, the ethanol 
conversion was ~70% at GHSV of ~105,000 h−1. 
 









































Gas Hourly Space Velocity ( x 103 h-1 )
H2 Production Rate
H2/CO Molar Ratio
         
Figure 4-8. The effect of GHSV on H2 production rate & H2/CO molar ratio (1% 
Rh/Y2O3). 
 
Since un-converted ethanol can be recycled through the process of cooling 
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and separation easily, it is important to find suitable operation conditions which 
can yield high hydrogen production rate. It is clear that the optimal reaction 
condition for steam reforming of ethanol over Rh/Y2O3 catalyst is at GHSV 
around 105,000 h−1 and around 700°C. 
 
















Gas Hourly Space Velocity ( x 103(h-1))
 
Figure 4-9. The effect of GHSV on ethanol conversion. 
 
4.3.9. A new indicator: H2/C for study of efficiency of converted ethanol 
 
A new indicator, H2/C ratio, is used in this study to evaluate the performance 
of the catalysts as it has the advantage of producing the highest hydrogen 
production rate with as low carbon emission as possible. As the section 4.3.8 
mentioned, a GHSV of 105,000 h−1 is suggested as optimal operation condition 
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in which the ethanol conversion is nearly 70%. Therefore, the efficiency of 
converted ethanol becomes very important because 1 mole of ethanol produces 
6 moles H2 in reaction (4-1), 4 moles H2 in reaction (4-2), 1 mole H2 in reaction 
(4-3) and no hydrogen gas in reaction (4-4) as follows (Navarro et al., 2009):  
 
C2H5OH + 3H2O → 2CO2 + 6H2      (∆H°298K = +174 kJ/mol)     (4-1) 
C2H5OH + H2O → 2CO + 4H2        (∆H°298K = +256 kJ/mol)     (4-2) 
C2H5OH → CH4 + CO + H2          (∆H°298K = +49 kJ/mol)      (4-3) 
C2H5OH → C2H4 + H2O             (∆H°298K = +45 kJ/mol)      (4-4) 
 
In addition, CO is poisonous to platinum catalysts used in fuel cell. As a result, 
reaction (4-1) is preferred and naturally the efficiency of converted ethanol 
becomes an important factor for H2 production. The amount of conveted 
ethanol can be calculated by the sum of moles of carbon in the product through 
carbon balance. Since all of the carbon in the reactant mixtures comes from 
ethanol, the moles of carbon product equal to 2 times the moles of converted 
ethanol. Hereby a new indicator H2/C is proposed to evaluate the efficiency of 
ethanol reforming reaction to hydrogen.  
The ratio of H2/C is defined as the fraction of H2 moles with respect to total 
carbon moles of product. H2/C can be seen as the production of H2 per 
converted ethanol or the ability indicator of converted ethanol to produce 
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hydrogen gas. In addition, the advantages of H2/C reflect not only the 
efficiency of converted ethanol but also a new indicator showing the main 
reaction happening in SRE. For example, if 100% conversion of ethanol is 
assumed to involve in reaction (4-1) or (4-2) or (4-3), then H2/C value equals to 
3 (= 6/2) or 2 (= 4/2) or 1/2 (= 1/2). 
 
4.3.9.1. Effect of Rh loading and temperature on H2/C 
 
Figure 4-10 shows that the H2/C value over 1%Rh/Y2O3 decreased from ~1.6 to 
a minimum value of ~1.4 with the increase of temperature from 550°C to 
600°C. At the temperature range of 600-750°C, H2/C increased from ~1.4 to 
~2.3 because dehydration reaction (reaction 4-4) was suppressed at high 
reaction temperature and more ethanol was involved in ethanol reforming 
reactions.  
Figure 4-10 also shows the effect of Rh loading and reaction temperature on 
H2/C ratio. The value of H2/C over 5%Rh/Y2O3 increased from ~1.75 at 550°C 
to the maximum value of ~2.5 at 750°C. This phenomenon agrees with the 
stoichiometry and thermodynamics of ethanol reforming reaction due to the 
higher hydrogen production at higher reaction temperature in the range of 
550-800°C. According to reaction (4-1), 1 mole ethanol can produce 6 moles 
hydrogen theoretically, with a maximum H2/C value possibly reaching 3.0 
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theoretically. However, the H2/C value is difficult to reach 3.0 because other 
reactions also occur at the same time such as reactions (4-2), (4-3), (4-4). 
As shown in Figure 4-10, the increase of temperature increases H2/C value due 
to the strongly-endothermic steam reforming reaction, which yields higher 
hydrogen production rate at higher reaction temperatures. In the range of 
750-800°C, the decrease of H2/C is probably attributed to coke formation. Figure 
4-10 shows that the H2/C value is shifted to higher value with Rh loading, from 
the range of 1.4-2.28 over 1% Rh/Y2O3 to the range of 1.7-2.5 over 5% Rh/Y2O3. 
With higher Rh loading catalyst, more ethanol could react with Rh involved in the 
main ethanol reforming reaction, causing the ethanol dehydration reaction to be 
suppressed and hence increasing the H2/C value. 











Temperature ( oC )
5% Rh/Y2O3
1% Rh/Y2O3  
 
Figure 4-10. The effect of Rh loading and temperature on H2/C (GHSV=69600 
h-1). 
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4.3.9.2. Effect of water/ethanol molar ratio 
 

























     Figure 4-11. The effect of water/ethanol molar ratio on H2/ethanol (feed). 
 
Figure 4-11 shows the effect of water/ethanol molar ratio (R) on H2/ethanol 
molar ratio. The increase of water/ethanol ratio Aupretre et al. (2005) reported 
that H2/ethanol ratio reached 4.68 over N-Rh/1-Mg0.25Al at 700°C, GHSV = 
13,400 h−1, and R = 4. At water/ethanol ratio higher than 20 under reaction 
temperatures of 500~600°C, Vesudeva and coworkers (1996) reported that 
H2/ethanol ratio reached 5.5. In this study, H2/ethanol ratio of Rh/Y2O3 reached 
5.80 at R=15 and GHSV = 69,600 h−1. Above 650°C, Rh/Y2O3 shows higher 
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H2/ethanol ratio than Rh/CeO2, which is in good agreement with the results 




Rh/Y2O3 is found to be a promising catalyst for SRE because of its high 
activity and high hydrogen production rate. Within 650-800°C, the order of 
catalyst activity follows this order:  Rh/Y2O3 > Rh/CeO2 > Rh/La2O3 > 
Rh/Al2O3. The catalytic activity of Rh/Y2O3 was significantly pomoted due to 
the strong oxidizing ability of Y2O3 to oxidize the hydrogen from ethanol to 
form hydrogen gas. The order of activity on four Rh-based catalysts at 
550-650°C is as follows: Rh/CeO2 > Rh/Y2O3 > Rh/La2O3 > Rh/Al2O3, which 
is due to the reducibility of Rh species. In addition, Y2O3 is only half of the 
price of CeO2 which was reported to have excellent performance in SRE 
reaction. The GHSV of 105,000 h−1 and 700°C was the optimal condition to 
reach the maximum H2/CO value. A new indicator, H2/C, has been established 
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Chapter 5. A Novel Rh/Y2O3-Nanotube Catalyst for Steam Reforming of 
Ethanol to H2: Effects of Anti-Sintering of Rh Species and Ultra-Low Rh 
Loading on Catalyst Performance 
 
Among five Rh-based catalysts, Rh/Y2O3-nanotube catalyst is found to produce 
the highest rate of hydrogen in steam reforming of ethanol (SRE) at high 
reaction temperature. The catalysts were characterized by BET, TPR, TPD, 
FESEM, TEM, XRD and XPS. The BET, TPR and TPD analysis show that the 
surface area of catalyst support, the Rh dispersion and the reducibility of Rh 
species may not be the key factor producing the desired high activity and 
stability of Rh/Y2O3-nanotube catalyst in SRE. Instead, the XRD and XPS 
analysis show that, with increasing high temperatures, the anti-sintering of Rh 
species on Y2O3 nanotubes played the crucial role in producing the high activity 
and stability of Rh/Y2O3-nanotube catalyst in SRE. Furthermore, the ultra-low 
Rh loading of Rh/Y2O3-nanotube catalyst is found to be producing hydrogen at a 
superb rate per kg of Rh and this high catalytic activity of producing hydrogen 
outweighs the high cost of Rh-based catalysts.  
 
5.1．Introduction 
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The production of H2 from renewable sources has been extensively 
investigated over the last decade due to the potential applications of hydrogen as 
an alternative energy source (Liguras et al., 2003; Fatasikostas et al., 2004). 
Ethanol, which is one of the renewable sources, is considered to be a suitable 
candidate for the production of H2 because it is less toxic, biodegradable, and 
easily transportable. Furthermore, ethanol has a relatively high hydrogen content 
and is easily decomposed in the presence of water to produce hydrogen-rich 
products (Deluga et al., 2004; Jacobs et al., 2007; Haryanto et al., 2005). 
Production of hydrogen gas from the steam reforming of ethanol (SRE) has 
already attracted intense research interests mainly due to the high yield of 
hydrogen from SRE. The reaction temperature of SRE falls in the middle 
temperature range, from 500°C to 700°C, which is higher than the steam 
reforming of methanol but lower than the steam reforming of methane.  
From previous work reported in the literature, Rh, Pt, Co, Ni, and Pd were 
usually chosen as the active component of catalysts for SRE (Aupretre et al., 
2005; Yang et al., 2006; Llorca et al., 2002, 2004a and 2004b; Navarro et al., 
2005; Sun et al., 2005; Domok et al., 2007; Batista et al., 2004). Among these 
metals, although the cost of Ni is low, the Ni-based catalyst however displays 
rapid deactivation due to the high amount of coke formation (Aupretre et al., 
2005). The order of catalytic activity of metals in SRE is as follows: Rh > Pd > 
Ni = Pt (Aupretre et al., 2005; Breen et al., 2002), showing Rh with the highest 
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activity in SRE. 
Various Rh-based catalysts over different catalyst supports such as CeO2, 
MgO, TiO2, Al2O3 and La2O3 have already been investigated by many 
researchers. One interesting observation about noble metal on catalyst support is 
that the Rh/CeO2 catalyst exhibits high water gas shift activity than the noble 
metal alone as reported by Deluga and coworkers (2004).  
In this present study, a novel Rh/Y2O3 nanotube catalyst was applied, for the 
first time, in the SRE reaction and showed far better hydrogen production rate 
and activity when compared with Rh/CeO2 and Rh/Y2O3 catalysts at 500-700°C, 
which is the temperature range suitable for SRE. As the SRE reaction is 
endothermic, the reaction temperature ranging from 550°C to 800°C was chosen 
in this study as it is observed that a large increase of hydrogen production rate is 
registered with the increase of temperature from 550°C to 800°C. At present, 
although SRE could reportedly reach almost complete conversion at moderate 
reaction temperatures around 650°C, it is important to note that the gas hourly 
space velocity (GHSV) used in the literature was very low, indicating that the 
hydrogen production rate was very low (Yang et al., 2006). However, the 
Rh/Y2O3-nanotube catalyst, which was investigated in our study under much 
higher GHSV of ~ 69600 h-1, not only shows very high hydrogen production 
rate at lower temperature of 500°C, but also exhibits a high hydrogen production 
at a high temperature around 700°C. The high hydrogen production at high 
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temperature is attributed to the higher percentage of ethanol involved in the 
steam reforming reactions, especially the steam reforming reaction which has 
the highest hydrogen production as follows:  
C2H5OH + 3H2O → 2CO2 + 6H2.  
In addition, some of the factors, which generally have significant influences 
on the activity and stability of catalysts, were investigated in order to find the 
dominant factor that causes high activity and stability of Rh/Y2O3-nanotube 




5.2.1. Catalyst preparation 
 
Y2O3 nanotubes were fabricated by hydrothermal synthesis method. 1.9151g 
of Y(NO3)3 · 6H2O was added into 0.8 g of NaOH in 15 ml DI-Water to form 
white precipitate under continuous stirring for 15min. Meanwhile, 2.0 g of 
CTAB was added into 20 ml of DI-Water and was stirred vigorously for 30 min. 
The formed Y(OH)3 precipitate and the CTAB solution were then transferred 
into an autoclave and kept in an oven at 120°C for 12 hours. After cooling the 
autoclave to room temperature, the mixture of Y(OH)3 and CTAB was washed 
with DI-Water to remove Na+ and NO3- and then calcined in a furnace at 450°C 
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for 5 hours to remove the CTAB. During the calcination process, Y(OH)3 
nanotubes were dehydrated to form Y2O3 nanotubes. The morphology and 
structure of the Y2O3 nanotubes were characterized by X-ray diffraction (XRD), 
field emission scanning electron microscopy (FESEM) and transmission 
electron microscopy (TEM).  
Rh/Y2O3-nanotube catalysts were prepared by the impregnation method using 
as aqueous solution of RhCl3 salt to yield 1 wt% metal content. The impregnated 
solution was then dried at around 95°C under continuous stirring for 12 hours 
and then calcined in a furnace at 600°C for 5 hours. The catalysts of 40~60 mesh 
were used in SRE.   
 
5.2.2. Reaction system of SRE 
 
The catalytic experiments were run in a fixed bed stainless steel tube 
reactor as mentioned in Chapter 3. The catalysts of 40~60 mesh were used for 
SRE in the fixed bed reactor. Ethanol and Water according to molar ratio of 1:3 
were premixed and pumped into the vaporizer at around 150°C by a syringe 
pump (ISCO Model 100DM) under flow rate 0.045 or 0.09 ml/min (GHSV= 
~69600 h−1).  
          
5.3. Results and discussion 
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  5.3.1. TEM, surface area and dispersion analysis 
 
As shown in Figure 5-1, the diameter of Y2O3 nanotubes is around 100-200 
nm. Figure 5-2 shows the TEM images of the fabricated Rh/Y2O3 nanotube 
catalyst, and from both Figure 5-1 and 5-2, it can be seen that most of the Y2O3 
nanotubes remained intact after calcination.   
 
 
Figure 5-1. STEM images of Y2O3 nanotubes. 
 
 
Figure 5-2. TEM of Rh/Y2O3 nanotube catalyst. 
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  Table 5-1 shows the specific surface areas of the six Rh or Ni-based catalysts 
as measured by BET (Autosorb-1 Quantachrome), the weight percentage of the 
Rh or Ni content in the catalysts as measured by ICP analysis, and the Rh 
dispersion of catalysts as measured by H2-TPD analysis. As a general observation, 
it is noted that higher surface area resulted in higher Rh dispersion.  
 




SBET Rh DispersionCatalysts 
 (overall)a (m2/g)      (%)b 
Rh/La2O3  0.9 ± 0.1 23.3 ≈15 
Rh/Y2O3 0.8 ± 0.1 26.9 ≈17 
Rh/CeO2 0.9 ± 0.1 35.8 ≈25 
Rh/Al2O3 0.8 ± 0.1 53.2 ≈29 
Rh/Y2O3-nanotube 0.8 ± 0.1 21.9 ≈16 
Ni/Y2O3 0.8 ± 0.1 20.7 ≈12 
  
a From ICP analysis 
b From H2-TPD analysis 
 
As shown in Table 5-1, the Rh/Al2O3 catalyst shows the highest surface area 
and Rh dispersion among the six catalysts. However, the performance of catalysts 
was affected by many other factors other than the surface area, Rh dispersion and 
reducibility of supports. Therefore, although the Rh/Al2O3 catalyst showed the 
highest surface area and Rh dispersion, the performance of Rh/Al2O3 catalyst was 
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worse than Rh/Y2O3-nanotube, Rh/Y2O3 and Rh/CeO2 catalysts because of other 
possible factors. And one prominent factor is that Al2O3 exhibits strong acidity 
which promotes the dehydration of ethanol (C2H5OH → C2H4 + H2O), resulting 
preferentially the low hydrogen production reaction. 
 
5.3.2. TPR analysis 
       
The reducible properties of catalyst supports were investigated by TPR analysis 
(Hwang et al, 1999; Lopez et al., 2006; Cimino et al., 2006; Strohm et al., 2006; 
Kugai et al., 2006; Ferrandon et al, 2006). As shown in Figure 5-3, the reduction 
peaks at 129oC (Rh/CeO2), 135oC (Rh/Y2O3-nanotube), 152oC (Rh/Y2O3), 215oC 
(Rh/La2O3), and 239oC (Rh/Al2O3) are attributed to the well dispersed Rh species 
over the catalyst surface. It was reported that Rh-Ni dispersion is highly correlated 
with the catalytic performance of Ni-Rh/CeO2 for the oxidative steam reforming 
of ethanol (Kugai et al., 2006). Hence, the degree of dispersion of Rh species has 
a significant influence on the catalytic performance of Rh-based catalysts, while 
keeping other factors the same. Based on the reduction temperatures of the first 
peaks (Fig. 3), the order of reducibility of well-dispersed Rh species is as follows: 
Rh/CeO2 > Rh/Y2O3 nanotubes > Rh/Y2O3 > Rh/La2O3 > Rh/Al2O3. The stronger 
reducibility of catalyst support indicates that the hydrogen atoms of ethanol are 
more easily reduced to form hydrogen gas.  
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                       Figure 5-3. TPR analysis. 
 
5.3.3. XRD analysis 
 
Figures 5-4 a-b exhibits the characteristic XRD patterns of Rh/Y2O3-nanotube 
and Rh/CeO2 catalysts under increasing temperature from 500°C to 800°C, 
respectively. The existence of small Rh2O3 crystallites was confirmed for the Y2O3 
nanotubes. The small RhO2 and Rh2O3 crystallites were also detected on the CeO2 
support. However, with the increase of reaction temperature over CeO2, higher 







    Chapter 5. A Novel Rh/Y2O3-Nanotube Catalyst for Steam Reforming of Ethanol to H2: Effects 
of Anti-Sintering of Rh Species and Ultra-Low Rh Loading on Catalyst Performance 
  91

















            

















    
Figure 5-4. XRD patterns of (a) 1% RhxOy/Y2O3 nanotubes before 
reduced and (b) 1% RhxOy/CeO2 before reduced. 
 
crystallite as a result of a sintering process taking place. These results were in 
agreement with TEM images and XRD patterns of Rh/CeO2 reported by Faradi et 
al., who showed that the mean particle size of Rh increased from 2.7nm to 8.7nm 
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when the reaction temperature was increased from 500°C to 980°C (Sadi et al., 
2003). Saburo and coworkers investigated the interaction between Rh and CeO2, 
and reported that the strong interaction between Rh and CeO2 was broken with 
increased calcination temperature (Hosakawa et al., 2005). A comparison of 
Figures 5-4a and 5-4b shows that, with the increase of reaction temperature, the 
growth of Rh2O3 crystallites was not obvious for the Y2O3 nanotubes, while the 
growth of RhO2 crystallites was slightly obvious for the CeO2. This observation 
implies that the degree of dispersion of RhO2 over CeO2 decreased more than the 
degree of dispersion of Rh2O3 over Y2O3 nanotubes, hence leading to the 
suggestion that the Rh/Y2O3-nanotube catalyst shows better performance than 
Rh/CeO2 at high temperature. 
 
5.3.4. XPS analysis 
 
   Figure 5-5a shows the Rh0 3d XPS spectra of Rh/Y2O3-nanotube catalyst 
reduced at different temperatures. The reduced catalysts exhibit Rh0 3d main 
peak at 312.3 ±0.2 eV, which coincides with the pure Rh0 3d binding energy of 
312.2 eV reported in the literature (Kugai et al., 2006). Therefore, this result 
indicates that most of Rh species were reduced to form Rh0 and almost no 
association between Rh and Y2O3-nanotube catalyst support has taken place 
during the process of reduction. Furthermore, the Rh0 3d XPS spectra of 
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Rh/Y2O3-nanotube catalyst reduced at different temperatures from 500°C to 
800°C exhibited almost no changes, implying that the increase in reduction 
temperature did not influence the chemical environment of Rh0. This 
observation is confirmed by the XRD analysis. Figure 5-5b shows that the 
binding energy of Y 3d5/2 peak of Rh/Y2O3-nanotube catalyst at different 
temperatures is ~155.0 eV, which is comparable to the binding energy of Y 3d5/2 
peak for pure Y2O3 reported in the literature (Ulrich et al., 2003). Similarly, 
these results indicate that the chemical environment of Y did not change with the 
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Figure 5-5. (a) Rh0 3d XPS spectra of Rh/Y2O3 nanotubes reduced at different 
temperatures. (b) Y 3d XPS spectra of Rh/Y2O3 calcined at different 
temperatures. 
      
5.3.5. Evaluation of Rh-based catalysts 
 
5.3.5.1. Effect of catalyst support on ethanol conversion 
  
As shown in Figure 5-6, ethanol conversion is plotted as a function of 
temperature over various Rh-based catalysts (Sun et al., 2004; Erdohelyi et al., 
2006). Figure 5-6a shows that the ethanol conversion over Rh/Y2O3 and 
Rh/CeO2 was below 90% at 550-600°C, and was higher than 95% when the 
reaction temperature was increased to higher than 600°C. In fact, both Rh/Y2O3 
and Rh/CeO2 catalysts can be considered to have completed ethanol conversion 
with the temperature range of 650-800°C. At the temperature range of 
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750-800°C, ethanol conversion over all four catalysts was almost 100%.  
 
     
























































Figure 5-6. The effect of feed flow rate, catalyst supports and Rh loading on 
ethanol conversion (a: 1%Rh catalysts, feed flow rate: 0.045 ml/min; b: 1%Rh 
catalysts, feed flow rate: 0.09 ml/min).  
 
Although Figure 5-6b shows that the ethanol conversion over Rh/Al2O3 is 
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as shown in Figure 5-8d, indicating that a large amount of ethanol was involved 
in the dehydration reaction to produce ethylene. Moreover, the ethanol 
conversion over Rh/Al2O3 decreases to a minimum value as the reaction 
temperature is increased to ~700°C. This observation of a minimum peak is due 
to the large amount of ethylene formed as high concentration of ethylene 
resulted in coke formation. 
Figures 5-6a and Figures 5-6b show that both Rh/Y2O3 and Rh/CeO2 have 
higher ethanol conversion than Rh/La2O3 and Rh/Al2O3. As a result, Rh/Y2O3 
and Rh/CeO2 exhibit better catalytic performance than Rh/La2O3 and Rh/Al2O3. 
As an overall, Rh/Y2O3 shows the highest activity at 650-800°C among all four 
catalysts, while Rh/La2O3 displays the poorest activity among all. 
Figure 5-7 shows the ethanol conversion over Rh/Y2O3-nanotube catalyst, 
Rh/Y2O3, Rh/CeO2, and Ni/Y2O3 are plotted as a function of temperature at feed 
flow rate = 0.09 ml/min. The ethanol conversion over Rh/Y2O3-nanotube and 
Rh/Y2O3 catalysts is below 90% at 550-650°C, however the conversion 
increased above 95% when the reaction temperature is raised above 675°C. The 
results indicate that Rh/Y2O3 and Rh/Y2O3-nanotube catalysts reached complete 
conversion at above 700°C, while Rh/CeO2 reached complete conversion at 
above 750°C while Ni/Y2O3 reached only around 75% conversion at above 
700°C.  
As shown in Figure 5-7, although Rh/Y2O3-nanotube and Rh/Y2O3 catalysts 
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show approximately the same ethanol conversion values, the types of steam 
reforming reactions over these two catalysts are significantly different. The 
Rh/Y2O3-nanotube catalyst exhibited far higher hydrogen production rate than 
Rh/Y2O3, and this is because higher percentage of ethanol was involved in a 
particular steam reforming reaction which yields the highest hydrogen 
production as follows: C2H5OH + 3H2O → 2CO2 + 6H2. In addition, Figure 
5-7 shows that Rh/Y2O3-nanotube and Rh/Y2O3 catalysts achieve higher ethanol 
conversion than Rh/CeO2. This observation indicates that Rh/Y2O3-nanotube 
and Rh/Y2O3 catalysts exhibit much better catalytic performance than Rh/CeO2.      
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Figure 5-7. The effect of catalyst support on ethanol conversion (feed flow rate: 
0.09 ml/min). 
 
  5.3.5.2. Effect of catalyst support on product selectivity 
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In Figure 5-8a-d, the selectivity to H2, CO, CO2, CH4 and C2H4 is displayed 
as a function of temperature in SRE for the different type of catalysts. Figure 
5-8a-d show that the selectivity to hydrogen over Rh/Y2O3 or Rh/CeO2 catalysts 
was higher than that over Rh/Al2O3 or Rh/La2O3 in the temperature range of 
650-800°C. This increase in the selectivity of hydrogen is consistent with the 
results reported by Yang and coworkers (2006) who investigated hydrogen 
selectivity over the Ni/ZnO catalyst and found that the increase of hydrogen 
selectivity was accompanied with the increase of reaction temperature. In this 
study, the same phenomenon was also observed over Rh/Y2O3 catalyst because 
steam reforming reactions are strongly endothermic, and thus the hydrogen 
selectivity increases with increased temperature. 
However, the temperature range from 700 to 750°C should be chosen as the 
reaction temperature for Rh/Y2O3 due to the low concentration of ethylene 
formed during the mentioned temperature range. It should be noted that a high 
concentration of ethylene would easily convert to coke, hence resulting in 
catalyst deactivation. Furthermore, in the temperature range of 700-750°C, the 
highest CO2 selectivity was observed, indicating that the hydrogen production 
rate per mole ethanol converted in reaction (5-1)-(5-3) is the highest.  
On the other hand, Figure 5-8d shows a high selectivity of ethylene for SRE 
with Rh/Al2O3, implying that a large percentage of ethanol was involved in the 
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dehydration reaction in 550-700°C. This is because the dehydration reaction is 
favored when an acidic support such as Al2O3 is used. Figure 5-8d shows that 
the maximum selectivity to ethylene was at ~550°C while the minimum 
selectivity to ethylene was at ~800°C. This result indicates that a further 
increase of temperature will suppress the dehydration reaction over Rh/Al2O3. 
As the dehydration reaction is mildly endothermic while the steam reforming 
reactions are mostly much more endothermic, steam reforming reactions 
therefore are preferred at higher temperature. 
 



















































































































Figure 5-8. The effect of catalyst supports on product selectivity (H2, CO2, CO, 
CH4, C2H4); (a: 1% Rh/Y2O3; b: 1% Rh/CeO2; c: 1% Rh/La2O3; d: 1% 
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Figure 5-8a shows that the selectivity of CH4 and ethylene decreased in the 
range of 550-600°C, indicating the drop in the preferential of dehydration 
reaction: (C2H5OH → C2H4 + H2O). Such a dehydration reaction was then 
suppressed at above 650°C for all four catalysts. The increase in reaction 
temperature from 600°C to 800°C caused the increase in selectivity of CO 
because at higher temperature, the formation of CO is more favorable than the 
formation of CO2. 
Figure 5-9 shows the selectivity of products (H2, CO2, CO, CH4, C2H4) as a 
function of reaction temperature over the four different 5%Rh-based catalysts. 
The effect of Rh loading on the selectivity of products was investigated through 
a comparison between the 1% Rh-based catalysts and the 5% Rh-based catalysts. 
Using the temperature range of 600-800°C as a basis of comparison, the result 
suggests that the 5%-Rh loading helps to prolong the life-time of catalysts better 
than the 1%-Rh loading because of the smaller amount of coke formation for the 
5%-Rh loading. A comparison of the results in Figure 5-9 and Figure 5-8 shows 
that the increase of Rh loading suppresses the formation of ethylene over all four 
catalysts. Dimitris et al. (2003) also observed similar phenomenon and attributed 
this to the increase of number of active sites with the increase of metal loading. 
It is hypothesized that the active sites over Rh are more competitive than the 
active sites over the catalyst support so that the active sites over Rh are more 
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favorable for steam reforming reactions under high rhodium loading.  
 









































































































Figure 5-9. The effect of catalyst supports on product selectivity; (a: 5% 
Rh/Y2O3; b: 5% Rh/CeO2, c: 5% Rh/La2O3, d: 5% Rh/Al2O3); feed flow rate: 
0.09 ml/min.  
 
Figure 5-10 exhibits the high selectivity to ethylene over Y2O3 catalyst 
support (without any Rh) in the temperature range of 550°C to 700°C, implying 
that the dehydration reaction over Y2O3 support is dominant below 700°C. In 
addition, Figure 5-11 shows that the hydrogen production rate over Y2O3 is 
much lower than that over the 1%-Rh/Y2O3 catalyst due to the low ethanol 
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show that SRE reactions are dominant and ethanol conversion is significantly 
higher over the 1%-Rh/Y2O3 than for the Y2O3 support only, indicating that the 
active sites over Rh are more competitive than those over Y2O3 and most of the 
ethanol molecules react with steam on Rh active sites. 
































Figure 5-10. The effect of temperature on product selectivity over Y2O3 
 









































Figure 5-11. The effect of Rh loading on hydrogen production rate over Y2O3 
and 1% Rh/Y2O3 
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Figures 5-12a-d show the H2, CO, CO2, CH4 and C2H4 selectivity as a 
function of reaction temperature for SRE over Rh/Y2O3-nanotube, Rh/CeO2, 
Rh/Y2O3 and Ni/Y2O3 catalysts, respectively (Sun et al., 2006 and 2008; 
Cavallaro et al., 2003; Barthos and Solymosi, 2007; Wanat et al., 2004). The 
results show that the selectivity of hydrogen over Rh/Y2O3-nanotube is higher 
than that over Rh/Y2O3 and Rh/CeO2 in the temperature range of 550-700°C. 
Goula et al. (2004) observed similar catalytic behavior that the increase of 
reaction temperature increases hydrogen selectivity in SRE over a commercial 
Pd/γ-Al2O3 catalyst. 
Since a high concentration of ethylene can be easily converted to coke on the 
catalyst - resulting in catalyst deactivation, the formation of ethylene should be 
avoided in SRE reaction. Figure 5-12a shows that the selectivity of ethylene 
over the Rh/Y2O3 catalyst increases to a maximum ethylene selectivity value of 
about 0.18 at 600°C, indicating that ethanol was partially dehydrated on 
Rh/Y2O3 when the reaction temperature was increased from 550 to 700°C. 
Figure 5-12b shows similar ethylene trend over Rh/CeO2 catalyst, with the 
maximum and minimum ethylene selectivity value at 550°C and 800°C, 
respectively. As mentioned earlier, the dehydration reaction is suppressed with 
the increase of reaction temperature because the dehydration reaction is a mildly 
endothermic reaction and steam reforming reactions, which are highly 
endothermic reactions, are therefore dominant at higher temperature. However, 
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Figure 5-12c shows that the selectivity of ethylene was approximately zero at 
550-800°C, indicating that the dehydration reaction was fully suppressed over 
the Rh/Y2O3-nanotube catalyst. 
 


























































































































Figure 5-12. The effect of catalyst support and temperature on product 
selectivity (H2, CO2, CO, CH4, C2H4); (a: 1% Rh/Y2O3; b: 1% Rh/CeO2; c: 1% 
Rh/Y2O3-nanotubes, d: 1% Ni/Y2O3); feed flow rate: 0.09 ml/min. 
 
Results presented in Figure 5-12c reveal that the selectivity of CO2 decreases 
with an increase in the reaction temperature, implying that more ethanol was 
involved in the reaction (5-2), which directly leads to an increase in 
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As for the products CO and CH4, Figure 5-12c suggests that the selectivity of 
CO and CH4 over 1% Rh/Y2O3 nanotubes underwent a two-stage change.  
① Between 550°C and 750°C, the selectivity of CO2 and CH4 decreased 
along with the increase of reaction temperature, whereas the selectivity of CO 
increased with the increase of reaction temperature. This phenomenon can be 
illustrated by understanding the related reactions listed below:  
 
C2H5OH + 3H2O → 2CO2 + 6H2      (∆H°298K = +174 kJ/mol)     (5-1) 
C2H5OH + H2O → 2CO + 4H2     (∆H°298K = +256 kJ/mol)        (5-2) 
C2H5OH → CH4 + CO + H2          (∆H°298K = +49 kJ/mol)      (5-3) 
C2H5OH → C2H4 + H2O            (∆H°298K = +45 kJ/mol)       (5-4) 
CO + H2O → CO2 + H2                                       (5-5) 
CO + 3H2 → CH4 + H2O                                          (5-6) 
 
In Stage 1, the ethanol reforming reaction (5-2) is dominating, while ethanol 
reforming reaction (5-1), water-gas shift reaction (5-5), decomposition reaction 
(5-3) and methanation reaction (5-6) have been suppressed. In addition, the 
dehydration reaction (5-4) can be considered to be negligible. 
② Between 750°C and 800°C, the selectivity of CO remained constant while 
the selectivity of CH4 increased along with the increase in reaction temperature, 
indicating that the decomposition reaction (5-3) and methanation reaction (5-6) 
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became more dominant. 
 
5.3.6. Activity test 
 
As mentioned previously, our objective is to produce hydrogen at a rate as 
high as possible, which can be improved by some methods such as adjusting 
reaction temperature and feed flow rate. In this study, the increase in reaction 
temperature is found to increase hydrogen production rate over 
Rh/Y2O3-nanotube, Rh/Y2O3, Rh/CeO2, Rh/La2O3, and Rh/Al2O3 catalysts 
because SRE is an endothermic reaction which promotes production of CO and 
H2 at higher temperature. Furthermore, the increase of feed flow rate is also 
observed to increase the hydrogen production rate. As shown in reactions (5-1) 
and (5-2), ethanol reforming reactions occur with higher hydrogen production 
than reactions (5-3) and (5-4). In addition, the type of catalyst supports also 
plays a very important role in getting a higher hydrogen production rate.  
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Figure 5-13. The effect of feed flow rate and catalyst supports on hydrogen 
production rate over 1% Rh catalysts (a: feed flow rate: 0.045ml/min; b: feed 
flow rate: 0.09ml/min). 
 
Figure 5-13 shows the effect of feed flow rate as a function of reaction 
temperature on the hydrogen production rate over four Rh-based catalysts. The 
result shows that the hydrogen production rate of Rh/Y2O3 and Rh/CeO2 is 
 
    Chapter 5. A Novel Rh/Y2O3-Nanotube Catalyst for Steam Reforming of Ethanol to H2: Effects 
of Anti-Sintering of Rh Species and Ultra-Low Rh Loading on Catalyst Performance 
  108
higher than that of Rh/La2O3 and Rh/Al2O3.  
Since industrial reactors generally can reach about ~700°C without much 
difficulty until above ~1000°C, Rh/Y2O3 is the ideal catalyst that can be used to 
increase hydrogen production rate at a reaction temperature of around 700°C. 
Furthermore, the cost of Y2O3 is only about half of that of CeO2 (Alfa Aesar, 
2008-2009).  
Figure 5-14 exhibits the effect of reaction temperature on hydrogen 
production rate over four different catalysts: Rh/Y2O3 nanotubes, Rh/Y2O3, 1% 
Rh/CeO2, and 1% Ni/Y2O3. The temperature of 700°C was selected as the 
reaction temperature for the Rh/Y2O3-nanotube catalyst due to the highest 
hydrogen production rate of this catalyst at this temperature. As shown in Figure 
5-14, from 550°C to 650°C, the hydrogen production rate of Rh/Y2O3-nanotube 
catalyst is around 40% higher than that of Rh/CeO2 and Rh/Y2O3. Therefore, the 
Rh/Y2O3 nanotube catalyst is suitable for fuel cell application in the middle 
temperature range. Furthermore, Figure 5-14 shows that the hydrogen 
production rate of Rh/CeO2 is higher than that of Rh/Y2O3 when the temperature 
is below ~630 °C. This is attributed to the higher water gas shift activity of 
Rh/CeO2 in the temperature range of 400-600°C (Fatsikostas and Verykios, 
2004). At the temperature above ~630°C, the hydrogen production rate of 
Rh/Y2O3 was higher than that of Rh/CeO2. However, Rh/Y2O3-nanotube catalyst 
has far higher hydrogen production rate than both Rh/Y2O3 and Rh/CeO2 not 
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only at the middle temperature (such as 550°C) but also at the high temperature 
(such as 700°C).  
 
 








































Figure 5-14. The effect of reaction temperature on hydrogen production rate 
over 1% Rh or Ni catalysts (feed flow rate: 0.09ml/min).  
 
From the above statement, two catalytic properties can be observed on these 
catalysts: (i) From 550°C to 700°C, increased temperatures result in large 
increase in hydrogen production rate and (ii) Rh/Y2O3-nanotube catalyst exhibits 
the highest hydrogen production rate at 550-700°C, far better than the Rh/CeO2 
catalyst which has been currently studied by many researchers. 
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       Figure 5-15. Stability test of five Rh-based catalysts. 
 
From the above investigations, at 650-700 °C, the order of the activity of four 
catalysts is as follows: Rh/Y2O3 nanotubes > Rh/Y2O3 > Rh/CeO2 > Rh/La2O3 > 
Rh/Al2O3. However, in this study, the order of specific surface area and Rh 
dispersion of five Rh-based catalysts is as follows: Rh/Al2O3 > Rh/CeO2 > 
Rh/Y2O3 > Rh/La2O3 > Rh/Y2O3-nanotube catalyst. Therefore, the Rh dispersion 
and specific surface area may not be the key factors to cause the different 
catalytic performance over the five mentioned Rh-based catalysts. According to 
the TPR analysis, the order of reducibility of well dispersed Rh species is as 
follows: Rh/CeO2 > Rh/Y2O3-nanotube > Rh/Y2O3 > Rh/La2O3 > Rh/Al2O3. 
Therefore, we can infer that the reducibility of Rh species is also not the key 
factor that can explain the difference in the catalytic performance. 
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Interestingly, according to in-situ XRD analysis, with increased high 
temperatures, it was found that Rh species on Y2O3 nanotubes almost stopped 
growing and sintering. According to XPS analysis, with increased high 
temperatures, chemical environment of Rh species and Y almost did not change 
at all. From the stability test as shown in Figure 5-15, Rh/Y2O3-nanotube 
catalyst shows the highest stability among the five Rh-based catalysts. Therefore, 
it is believed that the anti-growing and anti-sintering properties of Rh species 
over Y2O3 nanotubes is the crucial reason for the high activity and stability of 
Rh/Y2O3-nanotube catalyst in the steam reforming of ethanol.  
 
5.3.7. Ultra-low Rh loading over Rh/Y2O3 nanotubes for SRE 
 
Figure 5-16 shows the effect of ultra-low Rh loading on hydrogen 
production rate over Rh/Y2O3-nanotube catalyst. The hydrogen production rate 
(per kg Rh) of 0.05%Rh/Y2O3-nanotube catalyst is ~15 times that of 
Rh/Y2O3-nanotube catalyst (which contains 1% Rh) and ~60 times than that of 
5%Rh/Y2O3-nanotube catalyst because hydrogen production (per kg catalyst) 
only decreased ~20-30%, while the Rh loading decreased ~20 times and ~100 
times, respectively.  
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Figure 5-16. The effect of ultra low Rh loading on hydrogen production rate 
over Rh/Y2O3 nanotube catalysts. 
 
Figure 5-16 shows the effect of Rh loading on hydrogen production rate over 
Rh/Y2O3-nanotube catalysts. The decrease of Rh loading causes the decrease of 
H2 production rate (over per kg catalyst) and the increase of C2H4 selectivity 
because minor reactions such as dehydration reaction were promoted. Although 
hydrogen production of 0.05%Rh/Y2O3-nanotube catalyst (over per kg catalyst) 
decrease ~30% compared to 1%Rh/Y2O3-nanotube catalyst, it is still higher than 
that of 1%Rh/Al2O3 and 1%Rh/La2O3 as shown in Figure 5-13. Rh-based 
catalysts have some advantages such as high activity and low coke formation 
but one major drawback is their high cost. However, ultra-low loading 
Rh/Y2O3-nanotube catalyst shows extremely high hydrogen production rate (per 
kg Rh), indicating the potential of this catalyst to be more cost efficient than 
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other catalysts. 
The temperature of ~700°C is chosen as the optimal reaction temperature for 
the Rh/Y2O3-nanotube catalyst because hydrogen production rate at this 
temperature is greatly higher than that at 550°C. Rh/Y2O3-nanotube catalyst can 
be applied to improve hydrogen production rate under reaction temperature of 
550-700°C, a temperature range usually achievable by industrial reactors. Hence, 
Y2O3-nanotube is a potential commercial SRE catalyst support and 




From these investigations, Rh/Y2O3-nanotube catalyst is found to be a 
promising catalyst for SRE because of its high activity and selectivity for 
hydrogen and high stability.  
Firstly, Rh/Y2O3-nanotube catalyst shows the best performance among the five 
Rh-based catalysts and a high hydrogen production rate could be obtained at 
650-800°C. Within this high temperature range, the high activity and stability of 
Rh/Y2O3-nanotube catalyst is attributed to the anti-growing and anti-sintering of 
Rh species over Y2O3 nanotubes. 
Secondly, at 700-750°C, ethanol dehydration reaction was suppressed and 
ethylene concentration was close to zero, implying almost no coke formation due 
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to ethylene. Therefore, the preferred reaction temperature is taken to be between 
700°C and 750°C, which coincides with the temperature range that is achievable 
by industrial reactors.   
Thirdly, ultra low Rh loading of Rh/Y2O3-nanotube catalyst shows super high 
hydrogen production rate per kg Rh, indicating that it is potential method to solve 
the economical decision between the high activity and the high cost of Rh-based 
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Chapter 6. Rh/Ce-SBA-15: Active and Stable Catalyst for CO2 Reforming 
of Ethanol to H2 
 
CO2 reforming of ethanol has been investigated for hydrogen production by 
reacting CO2, which is a greenhouse gas, with ethanol, which is a renewable 
energy source, over Rh/Ce-SBA-15 catalysts. A series of Rh/Ce-SBA-15 
catalysts have been prepared using Ce-SBA-15 supports with different Ce/Si 
molar ratio synthesized by direct synthesis method. The catalysts have been 
characterized by TEM, FESEM, XRD, BET, TPR, TPD and XPS. All samples 
show high surface area and mesoporous structure at high Ce/Si (= 0-1/5), 
whereas the mesoporous structure is destroyed at high Ce/Si molar ratio (= 1/1). 
The catalytic tests show that the Ce/Si molar ratio of the catalysts has significant 
influence on the hydrogen production rate and product selectivity. The optimal 
Ce/Si molar ratio for the highest hydrogen production rate is found to be 1/20. 
The increase of catalytic activity of 1% Rh/Ce-SBA-15 from Ce/Si = 0 to Ce/Si 
= 1/20 is attributed to the increase of the amount of Ce incorporated into 
SBA-15 framework, resulting in the enhancement of the mobility of surface 
oxygen species. The 1%Rh/Ce-SBA-15 (Ce/Si=1/20) is found to be the most 









Global climate change and greenhouse effect have already been regarded as a 
long-term international problem faced by every country all over the world. 
Global warming and greenhouse effect are related to atmospheric CO2 
accumulation (Kerr, 2006). Rising CO2 level in atmosphere have extensive 
effects on several aspects, such as the increasing intensities of hurricanes 
(Knutson et al., 1998), influence of El Nino phenomena (Feely et al., 1999), 
reduced calcification of marine plankton (Riebesell et al., 2000; Barker and 
Elderfield, 2002), and deglaciation (Montanez et al., 2007). Therefore, chemical 
utilization of CO2, which is one of the main greenhouse gases, has become a 
challenging and attractive subject to deal with the above serious issues. CO2 
reforming with methane has become one of most important methods to 
transform reactants containing CO2 to valuable chemicals, such as syngas or 
hydrogen.  
CO2 reforming of ethanol has several advantages. First, ethanol is renewable, 
biodegradable, easily transportable, less dangerous and less toxic, while methane 
is non-renewable and highly explosive (Goula et al., 2004; Velu et al., 2005; 
Deluga et al., 2004). Second, CO2 reforming of ethanol is thermodynamically 
favorable above 318°C, whereas CO2 reforming of methane thermodynamically 
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requires reaction temperature over 642°C (Puolakka and Krause, 2007). Third, 
the main reaction of CO2 reforming of ethanol:  
 
C2H5OH + CO2 → 3CO + 3H2     (∆H°298K = +297 kJ/mol)        (6-1) 
 
produces syngas with a theoretical CO/H2 molar ratio = 1 which is suitable for 
the production of liquid hydrocarbons or oxygenated hydrocarbons (Adolfo et 
al., 2008; Zhu et al., 2008).  
   However, some side reactions also occur in CO2 reforming of ethanol, such 
as: ethanol decomposition (6-2), dehydration reaction (6-3) and reverse water 
gas shift reaction (6-4) (Zhu et al., 2008; Bellido et al., 2009). 
 
C2H5OH → CH4 + CO + H2          (∆H°298K = +49 kJ/mol)      (6-2) 
C2H5OH → C2H4 + H2O            (∆H°298K = +45 kJ/mol)       (6-3) 
CO2 + H2 → CO + H2O             (∆H°298K = -39.5 kJ/mol)      (6-4) 
 
Reaction (6-1) is kinetically favored at high temperature because it is 
strongly endothermic, reactions (6-2) and (6-3), which are moderately 
endothermic, are favored at middle reaction temperature range, whereas reaction 
(6-4), which is moderately exothermic, is generally suppressed at high 
temperature. Therefore, in order to produce high hydrogen production, high 
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reaction temperature is chosen for CO2 reforming of ethanol so that reaction 
(6-1), which produces hydrogen, can be enhanced and reaction (6-4), which 
consumes hydrogen, can be depressed. 
  Generally, evaluation of catalytic performance is based on activity, selectivity, 
stability, and deactivation. One of the reasons which cause catalyst deactivation 
is the formation of coke during CO2 reforming of ethanol because ethanol could 
be decomposed to produce coke which caused deactivation at high reaction 
temperature (Bellido et al., 2009; Li et al., 2008). Coke formation is also 
generally observed during CO2 reforming of methane (Zhu et al., 2008). The 
related reactions causing carbon deposition over catalysts in CO2 reforming of 
ethanol are listed as follows (Li et al., 2008; Szchenyi and Solymosi, 2007; 
Cimenti and Hill, 2009): 
 
2CO → CO2 + C             (∆H°298K = -171 kJ/mol)      (6-5) 
CH4 → 2H2 + C             (∆H°298K = +75 kJ/mol)      (6-6) 
C2H5OH → C + CO + 3H2   (∆H°298K = +125 kJ/mol)     (6-7) 
 C2H4 → Polymerization → Coke                          (6-8)   
 
  Therefore, inhibition of carbon deposition over catalysts is critical to prolong 
the catalyst life. Carbon deposition significantly depends on the active metals, 
indicating that different active metals have large difference in coke formation. 
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For example, Ni-based catalysts were reported to easily deactivate due to the 
formation of coke from the main reactions of CO2-ethanol reforming and other 
ethanol reforming reactions (Fierro et al., 2002; Breen et al., 2002; Chen et al., 
1999; Goula et al., 1996; Wang and Lu, 1998; Tang et al., 2000; Luo et al., 
2000), as well as from the side reaction of ethanol decomposition (Wang et al., 
2009a).  
However, Rh-based catalysts are known to have high activity, stability and 
low coke formation in CO2 reforming of methane and steam reforming of 
ethanol reactions (Aupretre et al., 2005; Munera et al., 2007; Bitter et al., 1998; 
Maestri et al., 2008). Rh is the most active metal in steam reforming of ethanol 
and the order of the activity of metals in steam reforming of ethanol is as 
follows: Rh > Pd > Ni = Pt (Aupretre et al., 2005). No coke formation was 
detected over Rh/La2O3 catalysts in CO2 reforming of methane (Munera et al., 
2007). Besides catalytic activity, Rh is found to be the most stable group VIII 
metals for CO2 reforming of methane (Bitter et al., 1998). Furthermore, Rh has 
been shown to have excellent conversion and selectivity to syngas at very short 
contact time in CO2–methane reforming reactions (Maestri et al., 2008). 
Therefore, Rh-based catalysts have been chosen for investigation in this study 
for CO2 reforming of ethanol.  
Although active Rh metal plays a very important role in catalysis, however 
catalyst supports also show significant effects on the catalytic performance due 
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to the metal dispersion and metal-support interaction. Therefore, in order not 
only to improve catalytic performance but also to reduce coke formation, a 
high-surface-area catalyst support is generally used to disperse metallic particles, 
which would make the catalyst not only active but also stable due to the low 
coke formation on highly-dispersed metallic particles. SBA-15, which has a 
mesoporous structure with high surface area (> 500 m2/g), uniform pore size 
(tunable from 4.6 to 30 nm) and thick wall (around 4 nm) has been chosen in 
this study as the catalyst support for active Rh metal particle (On et al., 2001; 
Vizcaino et al., 2009; Liu et al., 2008). Although SBA-15 is generally not 
suitable for steam reforming of ethanol as the ordered structures of SBA-15 have 
been observed to be partially destroyed by the presence of steam in 
hydrothermal conditions (Shah and Ramaswamy, 2008; Lee et al., 2008), 
however SBA-15 based catalyst is suitable for CO2 reforming of ethanol as this 
reaction does not have any water in the reaction system. Furthermore, 
incorporation of Ce in SBA-15 mesoporous structure has been found to promote 
the mobility of surface oxygen species over the catalyst surface (Lee et al., 2008; 
Beck et al., 2008; Timofeeva et al., 2007; Calles et al., 2009) because CeO2 
shows strong oxygen storage ability with Ce4+ ↔ Ce3+ redox and oxygen 
vacancy formation (Loschen et al., 2008).  
In this study, catalytic CO2 reforming of ethanol is investigated for the 
production of hydrogen/syngas through utilization of CO2, which is a 
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greenhouse gas, with ethanol, which is a renewable energy source. A series of 
Rh/Ce-SBA-15 catalysts, with Ce/Si molar ratios ranging from 0 to 1, have been 
synthesized and tested for this reaction, with the aim of finding the influence of 
Ce on the activity, selectivity and stability of catalysts.   
 
6.2. Experimental  
 
6.2.1. Preparation of catalysts 
 
  Ce-SBA-15 catalyst supports were prepared by hydrothermal synthesis 
method as reported by Zhao et al. (1998a) and Song et al. (2005), using TEOS 
(Aldrich) as the silica source and P123 [(EO)20(PO)70(EO)20, Mav = 5800, 
Aldrich] as the structure-directing agent. The molar composition of Ce-SBA-15 
series catalyst supports was 1SiO2 : (0, 1/40, 1/20, 1/10, 1/5 or 1 )CeO2: 
0.017P123 : 2.9HCl : 202.6H2O. Typically, the above mixture was stirred at 40 
oC for 1 day followed by crystallization under static condition for 2 days at 100 
oC. The white products were washed and recovered by DI water, and then dried 
overnight in an oven at 60 oC. Subsequent calcination of white products in the 
air was carried out at 550 oC for 5 hours to remove the template. 
  1wt%-Rh/Ce-SBA-15 series catalysts were prepared by wet impregnation 
method. Ce-SBA-15 powder was mixed with Rh(NO3)3 in solution by magnetic 
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stirring at ~95°C to achieve 1wt%-Rh/Ce-SBA-15. After stirring, the solution 
was dried and then calcined in air at 600°C for 5 hours. Rh/Ce-SBA-15 catalysts 
of 40-60 mesh were used in a fixed bed reactor.  
 
6.2.2. Reaction system of CO2 reforming of ethanol 
 
CO2 reforming of ethanol was conducted in a stainless steel tube reactor 
(Ø=6mm) fitted in a tube furnace and linked to an online gas chromatograph to 
analyze the molar percentage of each component in the gas product. Depending 
on the CO2:ethanol molar ratio, a certain amount of ethanol was pumped using a 
syringe pump (ISCO Model 100DM) into the vaporizer (maintained at 150°C) 
before entering tube reactor. In a typical CO2 reforming of ethanol reaction, 100 
mg of catalyst was loaded into the stainless steel reactor and reduced under a 
stream of 25% hydrogen/nitrogen mixed gas at 450°C for 30 minutes prior to 
CO2 reforming of ethanol. 
 
6.3. Results and discussion 
 
6.3.1. Effect of active metals over SBA-15 supports on hydrogen production 
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  Figure 6-1 shows the hydrogen production rates, per unit amount of metal 
catalyst, of four active metals - Rh, Ni, Co, Pd – supported on SBA-15 supports. 
The 5%Ni/SBA-15 catalyst shows the poorest activity on the hydrogen 
production rate among these five SBA-15 supported catalysts. Since the 
1%Rh/SBA-15 catalyst exhibits the highest hydrogen production rate, about ~ 
470% more active than the 5%Rh/SBA-15. 
 

























































Figure 6-1. The effect of active metals over hydrogen production rate over 
SBA-15 supports (molar ratio of C2H5OH/CO2 = 1:1, GHSV=15594 h-1). 
 
Figure 6-2 shows the TGA-DTA curves characterizing the amount of carbon 
deposited on these five SBA-15 supported metal catalysts after 1 hour of 
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CO2-ethanol reforming reaction. The amount of carbon deposited on the 
1%Rh/SBA-15 catalyst is about 1/7, 1/5, 1/4 and 6/5 of the amount of carbon 
deposited on the 5%Ni/SBA-15, 5%Pd/SBA-15, 5%Co/SBA-15 and 
5%Rh/SBA-15 catalysts, respectively. Although the 1%Rh/SBA-15 catalyst has 
slightly more amount of carbon deposited than the 5%Rh/SBA-15 catalyst, the 
1%Rh/SBA-15 catalyst is still the most suitable choice of catalyst among these 
catalysts for our subsequent studies for CO2-ethanol reforming as the 
1%Rh/SBA-15 catalyst has much less amount of rhodium catalyst than the 
5%Rh/SBA-15 catalyst and yet the 1%Rh/SBA-15 catalyst produces the highest 
































Figure 6-2. Carbon deposit over five SBA-15 supported catalysts during 
one-hour testing by TGA-DTA analysis (molar ratio of C2H5OH/CO2 = 1:1, 
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Therefore, a series of 1wt%Rh catalyst supported on SBA-15 with different Ce 
content has been chosen for further study in order to investigate whether there is 
any synergetic effect of Ce on improving the catalytic activity and stability of 
the supported Rh catalyst. 
 
 6.3.2. Morphology of Ce-SBA-15 supports and 1%Rh/Ce-SBA-15 
 
  Figure 6-3 shows the TEM images of a series of Ce-SBA-15 catalyst supports 
with Ce/Si molar ratio ranging from 0 to 1. The diameter of the mesopores of 
Ce-SBA-15 is observed to be around 7 nm and the wall thickness is around 3.5 
nm. The TEM images show that the ordered mesoporous structures are kept 
intact with the increase of the Ce/Si molar ratio from 0 up to 1/5. Above the 
Ce/Si ratio of 1/5, some of these ordered mesopores start to be destroyed, and at 
the Ce/Si ratio of 1, most of the mesopores have been destroyed. These TEM 
results indicate that the Ce-SBA-15 with Ce/Si ratio of 1/20 is the best 
mesoporous support as it is incorporated with the highest amount of Ce in the 
mesoporous framework. 
  Figure 6-4 shows the TEM image of the fresh 1%Rh/Ce-SBA-15 catalyst 
(Ce/Si=1/20). The size of Rh particles on Ce-SBA-15 (Ce/Si=1/20) support is 
found to be around 3-8 nm, which is much smaller than the size of Rh particles 
of around 50 nm supported on SBA-15 (without cerium) as reported in the 
 
 
Chapter 6. Rh/Ce-SBA-15: Active and Stable Catalyst for CO2 Reforming of Ethanol to H2 
  126
literature (Du et al., 2008). Figure 6-4 also shows that the ordered mesopores of 
1%Rh/Ce-SBA-15 catalyst are still intact even after wet impregnation with Rh 
precursor followed by high temperature calcination. Mu et al. reported that the 
high surface area and mesoporosity of Ce-SBA-15 promoted the dispersion of 
Co3O4, which enhanced the catalytic performance for oxidation of benzene due 













Figure 6-3. TEM images of Ce-SBA-15 catalyst supports at different Ce/Si 
molar ratios, (a) 0, (b) 1/40, (c) 1/20, (d) 1/10, (e) 1/5, (f) 1/1. 
 
reported that the strong metal-support interaction between Au and Co oxide over 
Au/Co-SBA-15 is highly related to the catalytic performance for CO oxidation 
(Xu et al., 2006). Therefore, we believe that the interaction between Rh and Ce 
species helps to disperse Rh over Rh/Ce-SBA-15 catalysts (Mu et al., 2008; Xu 
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6.3.3. XRD patterns of 1%Rh/Ce-SBA-15 based catalysts 
 
  Figure 6-5 shows the small angle XRD patterns of a series of 
1%Rh/Ce-SBA-15 catalysts, with Ce/Si molar ratio ranging from 0 to 1. The 
characteristic XRD peaks of mesoporous structure with the 2θ values at ~0.7° 
can be observed over all 1%Rh/Ce-SBA-15 catalysts (Mu et al., 2008; Dai et al., 
2007; Carrero et al., 2007). When the Ce/Si molar ratio is increased from 0 to 
1/20, the characteristic reflection peaks shifts to lower angle. This XRD result 
shows that the mesopore diameter has increased, indicating that Ce has been 
incorporated into the mesoporous framework of SBA-15 (Mu et al., 2008; Dai et 























Figure 6-5. XRD patterns of 1% Rh/Ce-SBA-15 based catalysts. 
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However, when the Ce/Si molar ratio is further increased from 1/20 to 1/1, the 
characteristic XRD reflection peak shifts to higher angle, indicating that the 
diameter of the mesopores has decreased. Since the TEM results (Figure 6-3) 
have shown that some mesoporous structures could be destroyed at higher Ce 
content (Ce/Si ratio = 1/1), therefore both the XRD and TEM results show that 
the destruction of mesoporous structures at higher Ce content might have caused 
the decrease of the mesopore diameter. 
 
6.3.4. Properties of 1%Rh/Ce-SBA-15 catalysts 
 
Figure 6-6 shows the N2 adsorption/desorption isotherms for a series of 
1%Rh/Ce-SBA-15 catalysts, with Ce/Si mole ratio from 0 to 1. When the Ce/Si 
mole ratio is < 1, the adsorption/desorption isotherm of 1%Rh/Ce-SBA-15 
catalysts is a typical type IV isotherm with a hysteresis loop, showing that these 
catalysts possess mesoporous structures (Timofeeva et al., 2007; Zhao et al., 
1998b). When the Ce/Si molar ratio is equal to 1, the type IV isotherm 
disappears, showing the destruction of ordered mesopores under high Ce 
content.  
As shown in Table 6-1, the pore diameters of 1% Rh/Ce-SBA-15 increase 
gradually with the increase of Ce content (from Ce/Si molar ratio = 0 to 1/20), 
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showing the incorporation of Ce into the framework of SBA-15 (Mu et al., 
2008). The pore diameter then starts to decrease when the Ce/Si molar ratio is 
subsequently increased from 1/10 to 1/5 due to the formation of cerium oxide 





























Figure 6-6. Nitrogen absorption/desorption isotherms of 1% Rh/Ce-SBA-15 
series catalysts under different Ce/Si molar ratio (a) Ce/Si=1/20, (b) Ce/Si=1/40, 
(c) Ce/Si=0, (d) Ce/Si=1/10, (e) Ce/Si=1/5, (f) Ce/Si=1/1. 
 
However, the pore diameter and specific surface area drop significantly from 
Ce/Si=1/5 to Ce/Si=1/1 due to the destruction of the ordered mesoporous 
structures at Ce/Si=1/1 as shown in TEM results (Figure 6-3). The N2 adsorption 
results are in good agreement with the XRD results, which show the 
incorporation of Ce (up to Ce/Si = 1/20) into the mesoporous framework of 
SBA-15. Similar studies have been reported over several mesoporous silica 
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supports incorporated with Mg (On et al., 2001), La (Calles et al., 2009), Ti 
(Eimer et al., 2006), U (Kumar et al., 2006), and V (Segura et al., 2005). 
 
Table 6-1 Surface properties of 1%Rh/Ce-SBA-15 based catalysts. 
Pore diameter 
(DH) 
SBET Rh dispersion Pore volume  Rh content 
  Samples 
 (nm) (m2/g)  (%)a (cc/g)  (%)b 
1% Rh/Ce-SBA-15 
(Ce/Si=0) 
7.15 563.2 67.2 0.702 0.95 
1% Rh/Ce-SBA-15 
(Ce/Si=1/40) 
7.19 579.3 68.5 0.705 0.97 
1% Rh/Ce-SBA-15 
(Ce/Si=1/20) 
7.25 585.8 69.3 0.708 0.92 
1% Rh/Ce-SBA-15 
(Ce/Si=1/10) 
7.11 557.2 64.8 0.649 1.16 
1% Rh/Ce-SBA-15 
(Ce/Si=1/5) 
6.94 530.5 62.9 0.605 0.98 
1% Rh/Ce-SBA-15 
(Ce/Si=1/1) 
3.56 468.6 58.8 0.519 1.11 
a From H2-TPD analysis 
b From XPS analysis 
 
6.3.5. H2-TPR profiles of 1% Rh/Ce-SBA-15 series catalysts 
 
  Figure 6-7 shows H2-TPR profiles of a series of 1% Rh/Ce-SBA-15 catalysts, 
whereby Rh species are shown to be reduced over Ce-SBA-15 catalyst supports 
below 200°C. In general, the dispersion of active metal oxide, particle sizes, and 
interaction between active metal and supports can affect the reducibility of 
active metal (Wang et al., 2005a; Peng and Wang, 2007; Carrara et al., 2008; 
Wang et al., 2009b; Hossain, 2006; Jiao and Regalbuto, 2008). Rh oxide species 
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usually have several reduced H2-TPR peaks due to the presence of different 
particle sizes of Rh oxide, different Rh valence state, interaction between Rh 
oxide with support, and the location of Rh oxide species either inside or on the 
surface of catalysts (Wang et al., 2005a; Hwang et al., 1999; Sullivan and 
Cunningham, 1998; Weng et al., 2006). The broad H2-TPR peak at around 85°C 
as observed in our study is due to the reduction of bulk oxide RhOx species, 
which is insignificantly affected by the catalyst support, whereas a sharp 
H2-TPR peak at around 120°C is assigned to the bulk oxide RhiOx species, 
which has been reported to interact with the catalyst support resulting in higher 


























       
Figure 6-7. H2-TPR profiles of 1%Rh/Ce-SBA-15 series catalysts. 
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  The factors involved in the preparation of rhodium catalysts, such as 
calcination temperature and rhodium precursors, are also known to have 
significant influence on the reducibility of supported Rh species. Calcination 
temperature has been reported to play an important role in causing a significant 
increase of the amount of reducible Rh species over Rh/Al2O3 calcined at 600°C 
than that calcined at 900°C (Weng et al., 2006). Therefore, the calcination 
temperature at 600oC has been chosen for this study. Furthermore, using RhCl3 
as a precursor, Verykios and coworkers reported that Rh0, Rh+, and Rh3+ 
coexisted since residual Cl- species hindered Rh3+ reduction while Rh3+ was 
reduced in the samples using Rh(NO3)3 as precursors (Kondarides and Verykios, 
1998). Therefore, Rh(NO3)3 has been chosen as the Rh catalyst precursor in this 
study. 
  The theoretical value of H2 consumption required to reduce a series of 
1%Rh/Ce-SBA-15 catalysts completely varies from around 22.5 to 33.3 mmol/g, 
while the actual H2 consumption over these series of catalysts is measured to be 
from 349.1 to 412.5 umol/g. This result shows that the actual H2 consumption 
required to reduce this series of 1%Rh/Ce-SBA-15 catalysts is only about 1.8% 
of the total theoretical H2 consumption, suggesting that only partial mesoporous 
silica supports could be reduced during the H2-TPR process (Passos et al., 2006; 
Sun et al., 2008). Thus H2 molecules only reduced the Rh oxide species and 
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consumed oxygen species located on the surface of catalyst support (Lin et al., 
2002). As a result, H2 consumption peaks can be used to indicate the mobility of 
surface oxygen over catalyst supports. Similar observation has been reported by 
some researchers over CeO2 and Y2O3 supports (Sun et al., 2008; Lin et al., 
2002; Mamontov et al., 2000).  
With the increase of Ce/Si molar ratio from 0 to 1/20, the H2-TPR peaks of 
partially-reduced supports shift from 370°C to a lower temperature of around 
330°C, indicating that the surface oxygen species on 1%Rh/Ce-SBA-15 with 
Ce/Si=1/20 have higher mobility and activity than those on 1%Rh/Ce-SBA-15 
with Ce/Si=1/40 and 1%Rh/SBA-15. This result suggests that an increase in the 
amount of incorporated Ce into the mesoporous framework of SBA-15 could 
promote the mobility and activity of surface oxygen species due to the redox 
property of Ce (Ce4+ ↔ Ce3+) and the formation of oxygen vacancy (Campbell 
and Peden, 2005; Esch et al., 2005; Liang et al., 2009; Igarashi et al., 2006). 
 
6.3.6. XPS analysis of 1%Rh/Ce-SBA-15 based catalysts 
 
Figure 6-8 shows Rh 3d XPS spectra of a series of reduced 1%Rh/Ce-SBA-15 
based catalysts. Two peaks observed at around 307.2 and 312.2 eV are assigned 
to Rh (3d5/2) of Rh0 and Rh (3d3/2) of Rh0 (Kondarides and Verykios, 1998; 
Gayen et al., 2004). For pure Rh metal foil, the XPS peaks of Rh(3d5/2) and 
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Rh(3d3/2) exhibit at 307.0 eV and 311.8 eV, respectively (Kondarides and 
Verykios, 1998; Gayen et al., 2004; Polychronopoulou et al., 2004). The slightly 
higher binding energies of the reduced 1%Rh/Ce-SBA-15 than that of the Rh 
metal foil is attributed to the presence of a small amount of slightly oxidized Rh 
species on Ce-SBA-15 support (Wang et al., 2006).  
 Figure 6-8 also shows that the measured Rh (3d5/2) and Rh (3d3/2) of Rh0 
binding energies at Ce/Si = 0, 1/40, and 1/20 are almost unchangeable; therefore 
the XPS result is in good agreement with the H2-TPR results which show that 
the chemical state of supported Rh species is not affected by the Ce-SBA-15 
























Figure 6-8. Rh 3d XP spectra of 1% Rh/Ce-SBA-15 series catalysts at different 
Ce/Si molar ratio. 
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With the increase of Ce content in SBA-15 from Ce/Si = 1/20 to 1/1, Figure 
6-8 shows that both the binding energies of Rh (3d5/2) and Rh (3d3/2) of Rh0 shift 
to slightly lower binding energies. This phenomenon implies that a higher 
amount of Rh0 species have been formed on SBA-15 after reduction, consistent 
with the H2-TPR results. When the Ce/Si molar ratio is increased from 1/20 to 
1/1, Figure 6-7 shows that not only the amount of H2 consumption increases, 
due to the reduction of a higher amount of Rh species, but also the H2-TPR 
peaks of Rh species shift from 120°C to 140°C, due to the decrease of the 
dispersion of Rh species (Table 3-1) (Wang et al., 2005a; Peng and Wang, 2007; 
Carrara et al., 2008; Hossain, 2006; Hurst et al., 1982).  
 
6.3.7. Activity test 
 
Figure 6-9 shows the hydrogen production rate for CO2 reforming of ethanol 
over a series of 1%Rh/Ce-SBA-15 based catalysts. An increase of reaction 
temperature generally yields higher hydrogen production rate over these 
catalysts because CO2 reforming of ethanol is an endothermic reaction which 
causes higher yield of H2 at higher temperature. 
   Among these catalysts, 1%Rh/Ce-SBA-15 (Ce/Si = 1/20) catalyst is 
observed to give the highest H2 production rate at 550-800°C. It was reported 
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that the enhancement of activity was due to higher Rh dispersion in some 
reactions such as N2O decomposition and partial oxidation of methane (Du et al., 
2008; Eriksson et al., 2007). Table 6-1 shows that the Rh dispersion over 
Rh/Ce-SBA-15 catalysts (with Ce/Si from 0 to 1/20) is different from that of 
Rh/Ce-SBA-15 catalysts (with Ce/Si from 1/10 to 1/1), indicating that the 
decrease of Rh dispersion is the factor in causing the decrease of the catalytic 
performance of Rh/Ce-SBA-15 catalysts with Ce/Si=1/10 to 1/1 for CO2 
reforming of ethanol. Based on these results, the mobility of surface oxygen 
species and Rh dispersion over catalyst support are both found to play important 
roles in achieving high catalytic performance (Mamontov et al., 2000; Guzman 
et al., 2005a; Aguilar-Guerrero et al., 2008; Guzman et al., 2005b).  
















































 1% Rh/SBA-15 Ce/Si=0
 1% Rh/Ce-SBA Ce/Si=1/40
 1% Rh/Ce-SBA Ce/Si=1/20
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 1% Rh/Ce-SBA Ce/Si=1/1
 
 
Figure 6-9. The effect of catalyst supports on hydrogen production rate over a 
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The increase of the catalytic activity of 1%Rh/Ce-SBA-15, with Ce/Si molar 
ratio increasing from 0 to 1/20, for CO2 reforming of ethanol is attributed to the 
increase of the amount of Ce incorporated into the SBA-15 framework, which 
enhances the mobility of surface oxygen species due to the redox property of Ce 
(Ce4+ ↔ Ce3+) and the formation of oxygen vacancy (Campbell and Peden, 2005; 
Esch et al., 2005; Liang et al., 2009). When the Ce/Si molar ratio is further 
increased from 1/20 to 1/1, the catalytic activity of 1%Rh/Ce-SBA-15 catalyst 
decreases due to the decrease of Rh dispersion which causes the decrease of 
catalytic activity (Du et al., 2008; Eriksson et al., 2007). As a result, the optimal 
Ce/Si molar ratio for the highest hydrogen production rate is 1/20. 







































Figure 6-10. Mole percentage of gas products over 1%Rh/Ce-SBA-15 
(Ce/Si=1/20, molar ratio of C2H5OH/CO2 = 1:1, GHSV=15594 h-1). 
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  Figure 6-10 shows the mole percentage distribution of gas products produced 
from CO2 reforming of ethanol over 1%Rh/Ce-SBA-15 (Ce/Si=1/20) catalyst. 
The amounts of minor products (CH4, C2H4, and C2H6) is close to zero, 
indicating that main reaction of CO2 reforming of ethanol (Eqn. 6-1) is dominant 
at the temperature range of 550-800°C. With the increase of reaction 
temperature from 600°C to 650°C, the hydrogen production rate drops 
significantly because the dehydration reaction, which is a side reaction, is 
promoted at this temperature and thus increases the mole percentage of C2H4 
(Figures 6-9 and 6-10). Since this dehydration reaction does not produce 
hydrogen (Eqn. 6-3), hydrogen production rate decreases at higher temperature 
(Li et al., 2008; Szchenyi and Solymosi, 2007). Similar catalytic behavior has 
also been reported over the decomposition of ethanol (Eqn. 6-7) by Szechenyi 
and Solymosi (2007). It is worth to note that at the reaction temperature higher 
than 650°C, the molar ratio of H2/CO is between 0.9 and 1.2, which is suitable 
for the production of liquid hydrocarbons or oxygenated hydrocarbons (Adolfo 
et al., 2008; Zhu et al., 2008). Furthermore, Table 6-2 shows that the CO2 
conversion generally increases with the increase of reaction temperature and the 
1%Rh/Ce-SBA-15 (Ce/Si=1/20) catalyst has the highest conversion of CO2 
(about 75%) at around 700-750°C during CO2 reforming of ethanol (with 
CO2/ethanol molar ratio = 1). 
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Table 6-2 Conversion of CO2 over 1% Rh/Ce-SBA-15 series catalysts. 
Conversion of CO2 Sample 
550oC 600oC 650oC 700oC 750oC 800oC
1% Rh/Ce-SBA-15 Ce/Si=0 0.14 0.53 0.48 0.62 0.65 0.71 
1% Rh/Ce-SBA-15 Ce/Si=1/40 0.19 0.52 0.5 0.64 0.69 0.75 
1% Rh/Ce-SBA-15 Ce/Si=1/20 0.2 0.57 0.53 0.68 0.76 0.83 
1% Rh/Ce-SBA-15 Ce/Si=1/10 0.23 0.49 0.54 0.62 0.64 0.78 
1% Rh/Ce-SBA-15 Ce/Si=1/5 0.15 0.24 0.35 0.44 0.48 0.59 
1% Rh/Ce-SBA-15 Ce/Si=1/1 0.15 0.28 0.31 0.3 0.38 0.46 
 
6.3.8. Stability test 
 











































































































































  Figure 6-11. Stability study of 1% Rh/Ce-SBA-15 Ce/Si=1/20 (molar ratio of 
C2H5OH/CO2 = 1:1, GHSV=15594 h-1), product distribution during 24 hours 
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Figure 6-11 shows the catalytic stability of the 1% Rh/Ce-SBA-15 
(Ce/Si=1/20) catalyst during the CO2 reforming of ethanol for 24-hours. The 
mole percentage of gas products (such as H2, CO, C2H4, C2H6 and CH4 ) is 
almost constant on stream at 600, 650, 700 and 750°C. With the increase of 
reaction temperature from 600 to 650°C, the hydrogen production drops 
significantly because dehydration reaction was promoted at this temperature and 
thus increases the mole percentage of ethylene. This dehydration reaction does 
not produce hydrogen, hence hydrogen production decrease. The 
1%Rh/Ce-SBA-15 (Ce/Si=1/20) catalyst has the highest hydrogen production 
yield at 700°C and 750°C. Furthermore, as the reaction temperature increases, 











Figure 6-12. TEM images of 1% Rh/Ce-SBA-15 Ce/Si=1/20 after 24 hours 
running (molar ratio of C2H5OH/CO2 = 1:1, GHSV=15594 h-1) at different 
reaction temperatures, (a) 600 oC, (b) 650 oC, (c) 700 oC, and (d) 750 oC. 
 
Figure 6-12 displays the TEM images of the 1%Rh/Ce-SBA-15 (Ce/Si=1/20) 
used catalyst.  It can be seen that the hexagonal mesopores of SBA-15 of the 
used catalyst are still intact, even after these catalysts have been used in 
CO2-ethanol reforming reaction for 24-hours at 600, 650, 700 and 750°C. This 
result shows that the 1%Rh/Ce-SBA-15 (Ce/Si=1/20) catalyst is a potential 





CO2 reforming of ethanol has been used successfully to produce syngas or 
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and Rh dispersion over Ce/SBA-15 catalyst support are both found to play 
important roles in achieving high catalytic performance. The increase of 
catalytic activity over 1% Rh/Ce-SBA-15 from Ce/Si = 0 to Ce/Si=1/20 in CO2 
reforming of ethanol is due to the increase of the amount of incorporated Ce into 
SBA-15 crystalline lattice, which promotes the mobility of surface oxygen 
species. The optimal Ce/Si molar ratio for the highest hydrogen production rate 
is 1/20. The hexagonal mesopores of Ce/SBA-15 remain intact during prolonged 
reaction even up to 750°C. Therefore, the 1%Rh/Ce-SBA-15 (Ce/Si= 1/20) 
catalyst is shown to be a potential commercial catalyst for CO2 reforming with 
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Chapter 7. Synthesis, Growth Mechanism and Properties of 
Open-Hexagonal and Nanoporous-Wall Ceria Nanotubes Fabricated Via 
Alkaline Hydrothermal Route 
 
  CeO2 is widely applied in ethanol reforming reactions and three-way catalysts. 
And CeO2 also is an excellent oxygen storage material. Ce(OH)3 
open-hexagonal nanotubes [Ce(OH)3-OH-NT] and Ce(OH)3 nanoporous-wall 
nanotubes [Ce(OH)3-NW-NT] have been successfully synthesized, for the first 
time, by hydrothermal method via alkaline route and characterized by XRD, 
FESEM, TEM, BET, DTA-TGA, and TPR. The growth mechanism of 
Ce(OH)3-OH-NT via hydrothermal alkaline route has been observed to occur by 
the dissolution and recrystallization of surrounding Ce(OH)3 compound 
followed by anisotropical growth of Ce(OH)3-OH-NT gradually along the c-axis 
of nanotubes. The growth of Ce(OH)3-OH-NT has been observed, for the first 
time, to occur over two different Ce(OH)3 compound bases: multidirectional 
growth of Ce(OH)3-OH-NT over Ce(OH)3 spherical core base to obtain 
nanotube flowers and vertical growth of Ce(OH)3-OH-NT over Ce(OH)3 flat 
base to obtain nanotube jungle. Ce(OH)3-NW-NT has been successfully 
fabricated by further treating Ce(OH)3-OH-NT under static alkaline treatment at 
room temperature. Calcination of Ce(OH)3-OH-NT and Ce(OH)3-NW-NT leads 
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to the formation of CeO2 open-hexagonal nanotubes (CeO2-OH-NT) and CeO2 
nanoporous-wall nanotubes (CeO2-NW-NT), respectively. CeO2-OH-NT and 
CeO2-NW-NT are found to have higher surface area, easier reducibility and 




Nanotubes have attracted intense research interests ever since carbon 
nanotubes were first synthesized in 1991 (Iijima, 1991). It has been found that 
capped carbon nanotubes could be opened by several ways, such as via 
oxidation or nitric acid treatment method and filled with several materials such 
as lead, nickel or uranium oxide (Tsang et al., 1993 and 1994; Chu et al., 1996). 
Carbon nanotubes could also be functionalized (Goldsmith et al., 2007), and 
carbon nanotubes have been applied as catalyst supports (Guczi et al., 2006), 
ballistic conductors (White and Todorov, 1998), nanoscale conveyors (Regan 
et al., 2004), composites (Zhang and Wang, 2007), and hydrogen storage media 
(Liu et al., 1999). 
 In recent years, inorganic nanotubes gradually become attractive because 
they can be potentially used for high load, high temperature and high pressure 
applications (Chen et al., 2007a). The synthesis, functionalization and 
applications of carbon nanotubes are very helpful for the development of 
 
 
   Chapter 7. Synthesis, Growth Mechanism and Properties of Open-Hexagonal and Nanoporous-Wall
 Ceria Nanotubes Fabricated Via Alkaline Hydrothermal Route 
  146
inorganic nanotubes. At present, inorganic nanotubes generally include nitride, 
sulfide, oxide and other nanotubes. The synthesis, functionalization and 
applications of nitride nanotubes, which are potential semiconductors, have 
been reported (Goldberger et al., 2003). Synthesis and growth mechanism of 
sulfide nanotubes were also studied by some researchers (Park et al., 2007; 
Rothschild et al., 2000). Compared to nitride and sulfide nanotubes, oxide 
nanotubes are very attractive due to the extensive and promising applications 
of oxide materials. 
Many kinds of oxide nanotubes, such as TiO2 (Byrne et al., 2007; Liu et 
al., 2002b), VOx (Krusin-Elbaum et al., 2004), SnO2 (Wang et al., 2005b), 
Fe2O3 (Yu and Urban, 2007a), MgO (Dobley et al., 2001; Fan et al., 2003), 
Co3O4 (Du et al., 2007; Lou et al., 2008), PbO (Zhou et al., 2005b), ZnO 
(Angwafor and Riley, 2008), MnO2 (Cheng et al., 2005), W18O49 (Li et al., 
2003), TbO3 (Tang et al., 2003), Y2O3 (Fang et al., 2003), SiO2 (Nakamura and 
Matsui, 1995), Ga2O3 (Graham et al., 2003), Bi2O3 (Li et al., 2006), and Er, Tm, 
Yb, Lu oxide nanotubes (Yada et al., 2002), have been synthesized via 
different synthesis routes. Hydrothermal synthesis method is generally applied 
to fabricate the oxide nanotubes by adjusting the reaction temperature, time or 
concentration. Generally, a structure-directing agent is used to form tubular 
rods which are wrapped by oxide under hydrothermal synthesis, and the 
structure-directing agent is then removed either by calcination, ion-exchange 
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process or other methods (Byrne et al., 2007; Krusin-Elbaum et al., 2004; Fan 
et al., 2003; Cheng et al., 2005; Tang et al., 2003). However, hydrothermal 
synthesis without a structure-directing agent has also been carried out under 
hydrothermal alkaline route (Fang et al., 2003). A sol-gel method has been 
used to synthesize oxide nanotubes through gelation (Nakamura and Matsui, 
1995). The template-directed synthesis, which generally uses an alumina 
membrane, carbon nanotube or oxide nanorod/nanotube arrays as templates, 
has been used to fabricate oxide nanotubes via electrodeposition, acid etching 
or oxidation (Wang et al., 2005b; Du et al., 2007; Tang et al., 2003; Li et al., 
2006; Yada et al., 2002). In addition, there are some other methods which have 
been reportedly used for the fabrication of oxide nanotubes, such as anodic 
electrochemical synthesis (Liu et al., 2002b; Angwafor and Riley, 2008; Li et 
al., 2006), reflux (Lou et al., 2008), or oxidation of metal foils under vacuum 
conditions (Li et al., 2003).  
CeO2 has gradually received intensive research interest due to some potential 
applications such as catalysts (for CO oxidation, automobile exhaust systems, 
and fuel cells), solid-state electrolytes, polishing materials, luminescence 
materials and additive for ceramics (Aguilar-Guerrero and Gates, 2008; Rupp 
et al., 2007). At present, the fabrication of nanometer-scale CeO2 such as 
nanoparticles, nanowires and nanotubes has been extensively investigated 
because nanometer-scale materials show some outstanding size-induced 
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properties (Aguilar-Guerrero and Gates, 2008; Rupp et al., 2007; Loschen et al., 
2008; Campbell and Peden, 2005; Yan et al., 2007; Wu et al., 2004; Kuiry et al., 
2005; Yu et al., 2007; Liu et al., 2009; Han et al., 2005). Loschen et al. (2008) 
found strong correlations between Ce4+ → Ce3+ reduction, energetic and 
structural effects with the oxygen vacancy formation in CeO2 nanoparticles. 
CeO2 shows strong oxygen storage ability due to Ce4+ ↔ Ce3+ and oxygen 
vacancy formation (Campbell and Peden, 2005). CeO2 nanowires have been 
fabricated by several methods, such as surfactant-assisted alcohothermal route 
(Yan et al., 2007), sol-gel process using porous anodic alumina templates (Wu 
et al., 2004) and self-assembly of CeO2 nanoparticles to nanorods (Kuiry et al., 
2005).  
The nanotubes of CeO2 have been intensively investigated recently because 
of their novel structural properties and potential applications. CeO2 nanotubes 
have been synthesized through several methods, such as the templating method 
within porous alumina membrane (Yu et al., 2007b; Inguanta et al., 2007), and 
non-templating hydrothermal route (Han et al., 2005). Yu et al. reported a 
three-step synthesis of CeO2 nanotubes using alumina membrane as the 
template; the diameter of CeO2 nanotubes synthesized was around 200-350 nm, 
which is similar to the diameter of the nanopores of alumina membrane 
templates (Yu et al., 2007; Fuentes et al., 2008). Other materials, such as 
carbon nanotubes, have also been used as the template for the fabrication of 
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metal oxide nanotubes (An et al., 2008). However, there are drawbacks using 
membrane as the template in the synthesis of CeO2 nanotubes. For example, the 
costly membrane template has to be destroyed during the template removal 
process, hence making the whole process expensive. In addition, the diameter 
of synthesized nanotubes depends on the nanopores of membrane template, 
implying that the dimension of synthesized nanotubes almost can not be 
adjusted by changing reaction conditions, such as reaction temperature or 
reaction time.      
Han et al. fabricated CeO2-x nanotubes with cubic fluorite structure using 
hydrothermal route under mild reaction conditions, with the aging time of 
about 45 days, which is too long for large scale production (Han et al., 2005). 
Golberg and coworkers fabricated CeO2 nanotubes via hydrothermal alkaline 
treatment of cerium chloride at mild temperature (Tang et al., 2005). 
Furthermore, they observed that trivalent Ce(OH)3 nanotubes can be fabricated 
since Ce(OH)3 possesses a quasi-layered structure of a hexagonal prototype 
similar to that of the graphite structure. Although the synthesis of Ce(OH)3 
nanotubes via alkaline hydrothermal route is now possible, however the 
synthesized Ce(OH)3 nanotubes are closed and the synthesis mechanism of the 
growth of Ce(OH)3 nanotubes is still not known. 
   In this paper, we report, for the first time, the synthesis and growth 
mechanism of Ce(OH)3 open-hexagonal nanotubes [Ce(OH)3-OH-NT] and 
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Ce(OH)3 nanoporous-wall nanotubes [Ce(OH)3-NW-NT] under alkaline 
hydrothermal condition. The formation of Ce(OH)3-OH-NT is observed to 
occur by the dissolution and recrystallization of Ce(OH)3 followed by gradual 
growth of Ce(OH)3-OH-NT along the c-axis of nanotubes. The growth of 
Ce(OH)3-OH-NT is also observed to occur, for the first time, over 2 different 
Ce(OH)3 bases: the spherical core and the flat base of Ce(OH)3 compound. 
Calcination of Ce(OH)3-OH-NT and Ce(OH)3-NW-NT forms CeO2 
open-hexagonal nanotubes (CeO2-OH-NT) and CeO2 nanoporous-wall 
nanotubes (CeO2-NW-NT), respectively. CeO2-OH-NT and CeO2-NW-NT are 
found to have higher surface area, easier reducibility and higher mobility of 
surface oxygen species than CeO2 nanoparticles (CeO2-NP). 
 
7.2. Experimental  
 
Ce(OH)3-OH-NT was fabricated by hydrothermal synthesis method under 
oxygen-free environment. Typically, 80 ml of NaOH solution (11M) was 
purged with helium gas for 30 min to remove oxygen before it was poured into 
a 120-ml stainless steel autoclave containing 2.528 g of Ce(NO3)3·6H2O. Since 
Ce3+ is sensitive to oxygen (Abiaad et al., 1993), the autoclave was sealed in 
the glove box and then placed in an oven for 72 hours at 125°C. After 
hydrothermal synthesis, the precipitated white solid powder of 
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Ce(OH)3-OH-NT was recovered and washed with the de-oxygenated DI-water 
which was prepared by purging DI-water with helium gas for 30 min. 
Ce(OH)3-NW-NT was fabricated by further treating Ce(OH)3-OH-NT under 
static alkaline treatment in an autoclave at room temperature for 15, 30 or 60 
days. 
 
7.3. Results and discussion 
 












Figure 7-1. XRD patterns of (a) freshly-synthesized Ce(OH)3-OH-NT sample, (b) 
sample a after being exposed to air at room temperature for 4 days and (c) 
sample a after being calcined in air at 450°C for 5 hours.  
 
Figure 7-1a shows a typical XRD diagram of Ce(OH)3-OH-NT which has 
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been exposed to air very briefly during XRD measurement. The XRD pattern 
displays peaks at 2θ values of 15.63°, 27.34°, 28.20°, 31.60°, 39.55°, 47.35°, 
48.37° and 48.87°, which are characteristic peaks of Ce(OH)3 (according to 
PDF-#: 19-0284). This result shows that the freshly-synthesized 
Ce(OH)3-OH-NT sample without air exposure mainly consists of Ce(OH)3.  
The freshly-synthesized Ce(OH)3-OH-NT sample was then exposed to air at 
room temperature for about 4 days. The XRD patterns of the air-exposed 
sample, as shown in Figure 7-1b, display XRD peaks attributed to that of 
Ce(OH)3 as well as some of those of fluorite-type CeO2, which has 
characteristic XRD peaks in the 2θ value of 28.42°, 32.97°, 47.42° and 56.23° 
(PDF-#: 34-0394), similar to those XRD peaks of CeO2 nanotubes (Yu et al., 
2007; Han et al., 2005; Inguanta et al., 2007; Fuentes et al., 2008; Tang et al., 
2005). This result indicates that some Ce(OH)3 has been transformed to the 
fluorite-type CeO2 through dehydration process after being exposed in air at 
room temperature for several days. The freshly-synthesized Ce(OH)3-OH-NT 
sample was also calcined in air at 450°C for 5 hours. Figure 7-1c shows that 
Ce(OH)3-OH-NT can be almost completely transformed to CeO2-OH-NT after 
calcination in air at 450°C (Yu et al., 2007; Tang et al., 2005). Yu and 
coworkers (2007) reported that their CeO2 nanotubes, which were formed by 
template synthesis route, have a rough surface after calcination of the Ce(OH)3 
or Ce(NO3)3 nanotube precursors because the wall of Ce(OH)3 or Ce(NO3)3 
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nanotubes dehydrated or decomposed to form big needle-like CeO2 particles. 
However, in our study, CeO2 nanotubes (i.e. CeO2-OH-NT) show not so a 
rough surface even after calcination, possibly due to the use of non-templating 
hydrothermal alkaline route which forms smaller CeO2 nanocrystals.  
Figure 7-2a shows the FESEM picture of the freshly-synthesized 
Ce(OH)3-OH-NT sample, clearly displaying the formation of Ce(OH)3 
nanotubes, with all the synthesized Ce(OH)3 nanotubes having 1-D structures. 
Figure 7-2b shows that the inner and outer nanotube diameters of the 
synthesized Ce(OH)3-OH-NT are ~ 10-35 nm and ~ 20-65 nm, respectively, 
resulting in the thickness of nanotube wall around 10-30 nm. Figure 7-2c 
shows the FE-TEM image of the multi-layer lattice crystal structure of 
Ce(OH)3 nanotubes against the sharp contrast of the background which is 
attributed to the strong electron beam passing through carbon of copper grid. 
Figure 7-2d shows the TEM image (Okamoto et al., 2008) of CeO2-OH-NT, 
which is formed by calcining Ce(OH)3-OH-NT in air at 450°C for 5 hours 
under a heating rate of 1°C/min. The results of this study show that the 
dimension of Ce(OH)3 and CeO2 nanotubes can be adjusted by reaction 
temperature, reaction time and the pH value of solution, whereas the dimension 
of CeO2 or other metal oxide nanotubes fabricated by template synthesis was 
mainly determined by the nanopore size of the template (Yu et al., 2007; 
Fuentes et al., 2008; Chen et al., 2007; Chen et al., 2007a; Chen et al., 2007c).  
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Figure 7-2. (a) FESEM image of Ce(OH)3-OH-NT, (b) FESEM image 
displaying the outer and inner diameters of Ce(OH)3-OH-NT, (c) FE-TEM 
image of multi-layer crystal lattice of Ce(OH)3-OH-NT and (d) TEM image of 
CeO2 open-hexagonal nanotubes [CeO2-OH-NT] formed by calcination of 
Ce(OH)3-OH-NT. 
 
Figure 7-3 shows typical DTA-TGA plots of synthesized Ce(OH)3-OH-NT 
from room temperature to 800°C, with the weight loss occurring in three steps. 
For comparison, DTA-TGA results of cerium hydroxide, with the weight loss 
occurring in two steps, have been reported in the literature (Tok et al., 2007; 
Andreescu et al., 2006). Our TGA-DTA results are different from the literature 
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particles (not Ce(OH)3 nanotubes) were used in the literature. For 
Ce(OH)3-OH-NT, the first weight lost, observed at below 230°C, is due to the 
release of about 10 wt% of adsorbed water from the sample surface, with the 
maximum endothermic peak observed at around 72°C. The second weight loss, 
observed at 230-620°C, is attributed to the dehydration process of 
Ce(OH)3-OH-NT. The dehydration of Ce(OH)3-OH-NT is observed to occur in 
two sequential steps, with a substantial weight loss observed from 230°C to 
400°C followed by a gradual weight loss from 400°C up to 620°C. The first 
sequential weight loss displays a broad endothermic peak at around 300°C and 






























Figure 7-3. DTA-TGA analysis of Ce(OH)3-OH-NT.  
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The two-step dehydration of Ce(OH)3-OH-NT may indicate that the 
dehydration process of Ce(OH)3-OH-NT requires the dehydration from the 
outer diameter of nanotubes followed by the dehydration from the inner 
diameter of nanotubes. This two-step dehydration of Ce(OH)3-OH-NT is 
different from the one-step dehydration of cerium hydroxide particles reported 
in the literature as the one-step dehydration of cerium hydroxide particles 
requires only the dehydration from the particles. The third weight loss, 
observed at temperatures above 620°C, is almost negligible, indicating that the 
dehydration of Ce(OH)3-OH-NT to form CeO2-OH-NT is almost complete at 
around 620°C. The dehydration process of Ce(OH)3-OH-NT was observed to 
result in about 9% weight loss, which is in agreement with the theoretical value 
(Andreescu et al., 2006). 
Figure 7-4 shows the effect of synthesis time on the hydrothermal synthesis 
of Ce(OH)3-OH-NT. After 2 hours of synthesis, Figure 7-4a shows that most of 
the Ce(OH)3 compound remained as spherical particles. After 5 hours, Figure 
7-4b shows that most of the Ce(OH)3 compound has started to form 
Ce(OH)3-OH-NT with nanotube length from 25 to 100 nm, but some Ce(OH)3 
particles can still be observed. After 12 hours, Figure 7-4c shows that 
Ce(OH)3-OH-NT have grown longer to about 40 to 200 nm, with some 
Ce(OH)3 nanoparticles still existing in the sample. After 1 day, Figure 7-4d 
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shows that Ce(OH)3-OH-NT could grow to 200 to 300 nm, with negligible 
amount of Ce(OH)3 nanoparticles existing in the sample. After 3 days, Figure 
7-4e shows that all Ce(OH)3 nanoparticles have been transformed to 
Ce(OH)3-OH-NT with length from about 300 to 400 nm. These TEM results 
show that the surrounding Ce(OH)3 compound would need to gradually 
dissolve in the solution in order to provide for the anisotropical growth of 
Ce(OH)3-OH-NT to a length of about 400 nm, suggesting that the mechanism 
of the growth of Ce(OH)3-OH-NT is different from that of the growth of 
carbon nanotube, which is formed through sequential layer rolling of carbon 
sheets (Iijima, 1991; Tang et al., 2005).  
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Figure 7-4. The effect of hydrothermal treatment time of Ce(OH)3-OH-NT on 
the length of nanotubes after (a) 2 hours, (b) 5 hours, (c) 12 hours, (d) 1 day and 
(e) 3 days.  
 
Different types of mechanism have been reported in the literature for the 
fabrication of inorganic nanotubes under several synthesis methods, such as 
rolling mechanism, growth of inorganic nanotubes on nanoparticles, direct 
pyrolysis of mesostructure to form nanotubes, rearrangement of amorphous 
nanoparticles to form nanotubes or removal of template to form nanotubes. For 
examples, WO3 nanotubes were fabricated through rolling mechanism under 
the aid of intercalated polyaniline (Wang et al., 2007a). The growth of 
inorganic nanotubes on nanoparticles was observed through either gas phase 
synthesis or liquid phase synthesis. Arenal et al. reported the growth of boron 
nitride nanotubes in gas phase by laser vaporization (Arenal et al., 2007). Yue 
and coworkers synthesized TiO2 nanotubes on CeO2 nanoparticles in liquid 
solution through the process of colloid-catalyzed deposition (Yue et al., 2006). 
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(Li et al., 2002). In the fabrication of mixed-oxide nanotubes, Nair et al. 
observed that salt precursors condensed into amorphous nanoparticles which 
then rearranged to form ordered nanotubes (Mukherjee et al., 2007). A 
structure-directed agent has also been used as a template to be wrapped by 
inorganic materials which form nanotubes after the removal of the template at 
the latter stage (Byrne et al., 2007; Krusin-Elbaum et al., 2004; Fan et al., 2003; 
Cheng et al., 2005; Tang et al., 2003). In addition, electrochemical synthesis 
method and Kirkendall effect has also been used to fabricate metal oxide 
nanotubes ((Liu et al., 2002b; Angwafor and Riley, 2008; Li et al., 2006; Allam 
et al., 2008; Chen et al., 2009).  
The formation of CeO2 nanotubes has been reported to occur through 
different mechanisms, such as, Kirkendall effect mechanism, etching of the 
interior of nanorods, or removal of membrane template. Chen and coworkers 
fabricated CeO2 nanotubes from Ce(OH)CO3 nanorods through a mechanism 
due to the Kirkendall diffusion (Chen et al., 2009a). Lin et al. synthesized 
Zr-doped ceria nanotubes from nanorods based on the Kirkendall effect (Chen 
et al., 2009c). Zhou et al. prepared CeO2 nanotubes by etching the interior of 
nanorods (Zhou et al., 2007b). Botana et al. fabricated CeO2 nanotubes by 
removal of membrane template (Gozalez-Rovira et al., 2009).  
In this study, the growth mechanism of Ce(OH)3-OH-NT and CeO2-OH-NT, 
based on hydrothermal alkaline route, is different from literature. Figure 7-5 
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shows that a piece of fabricated Ce(OH)3-OH-NT in the form of a nanotube 
flower displays a hexagonal structure similar to the structure of ZnO. The 
observation of the hexagonal structure of Ce(OH)3 nanotubes provides an 
evidence of the anisotropic growth of open hexagonal Ce(OH)3 nanotubes 
because it is difficult to form hexagonal structure through layer 
rolling/wrapping (Fang et al., 2003; Tang et al., 2005; Huang et al., 2001). The 
hexagonal structure of Ce(OH)3 nanotubes is observed to have the 




Figure 7-5. FE-SEM images of (a) open hexagonal Ce(OH)3 nanotubes and (b) 
the enlarged cross section showing the open hexagonal morphology of the tip of 
Ce(OH)3-OH-NT. 
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along the c-axis ([001] direction) of open-hexagonal Ce(OH)3 nanotubes. This 
anisotropic growth sequence is postulated based on the fact that 
Ce(NO3)3·6H2O reacts with NaOH to form Ce(OH)3 compound, which then 
dissolves and recrystallizes in solution to provide for the anisotropical growth 





Figure 7-6. Postulated growth sequence of Ce chains along the c-axis ([001] 
direction) of open hexagonal nanotube. 
 
Figure 7-7 shows the TEM images of Ce(OH)3-OH-NT samples synthesized 
under hydrothermal treatment for 12 hours and 3 days, respectively. After 12 
hours of hydrothermal treatment, Ce(OH)3-OH-NT could grow vertically to a 
length of about 150 nm over the Ce(OH)3 compound flat base (Figure 7-7a), 
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implying that the surrounding Ce(OH)3 compound should dissolve, 
recrystallize and then grow along the c-axis vertically to form 
Ce(OH)3-OH-NT. Under prolonged hydrothermal treatment, these 
vertically-grown nanotubes would then grow longer and longer until all the 
surrounding Ce(OH)3 compounds have been dissolved and used up for the 





Figure 7-7. TEM images showing vertical growth of Ce(OH)3-OH-NT over flat 
base of Ce(OH)3 compound under hydrothermal synthesis for (a) 12 hours and 
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Figure 7-8.  Multidirectional growth of Ce(OH)3-OH-NT over the spherical 
core base of Ce(OH)3 compound under hydrothermal synthesis for (a) 12 hours 
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Figure 7-7b shows that, after 3 days of hydrothermal treatment, 
Ce(OH)3-OH-NT has grown vertically to a length of at least 300 nm and 
formed into a “jungle” of nanotubes due to the nature of the Ce(OH)3 
compound flat base. 
In contrast to the vertical growth of Ce(OH)3-OH-NT over the flat base of 
Ce(OH)3 compound, Figure 7-8a shows that, after 12 hours of hydrothermal 
treatment, Ce(OH)3-OH-NT can also grow over one spherical core of Ce(OH)3 
compound, resulting in the multi-directional growth of Ce(OH)3-OH-NT along 
their own c-axis, and Figure 7-8b shows that, after 3 days of hydrothermal 
treatment, these multidirectional Ce(OH)3-OH-NT would grow into larger 
nanotube flowers. The formation of nanotube flowers is attributed to the 
spherical core base of Ce(OH)3 compound.  
The schematic illustration of the anisotropic growth of Ce(OH)3-OH-NT 
along the c-axis of nanotube over these two bases of Ce(OH)3 compound are 
shown in Scheme 7-1. Scheme 7-1a schematically shows the vertical growth 
mechanism of Ce(OH)3-OH-NT along the c-axis of nanotube over the 
amorphous nature of Ce(OH)3 compound flat base, and Scheme 7-1b shows the 
multi-directional growth mechanism of Ce(OH)3-OH-NT flowers along the 
c-axis of nanotubes over the spherical core base of Ce(OH)3 compound. 
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Scheme 7-1. Schematic illustration of anisotropic growth of Ce(OH)3-OH-NT 
along the c-axis of hexagonal nanotube over two kinds of Ce(OH)3 compound 
bases: (a) vertical growth of Ce(OH)3-OH-NT over the amorphous nature of flat 
base of Ce(OH)3 compound and (b) multidirectional growth of Ce(OH)3-OH-NT 
into nanotube flowers over the spherical core base of Ce(OH)3 compound.  
 
All these results provide a strong evidence that Ce(OH)3-OH-NT grows 
anisotropically along the nanotube c-axis instead of through layer rolling or 
layer wrapping (Tang et al., 2005) because the growth of Ce(OH)3-OH-NT 
over either the flat base or the spherical core base of Ce(OH)3 compound can 





   Chapter 7. Synthesis, Growth Mechanism and Properties of Open-Hexagonal and Nanoporous-Wall
 Ceria Nanotubes Fabricated Via Alkaline Hydrothermal Route 
  166
Figure 7-9 shows the effect of treatment time (0, 15, 30 and 60 days) on the 
morphology of Ce(OH)3-OH-NT under static alkaline environment (11M 
NaOH solution) at room temperature. The morphological change of 





Figure 7-9. The effect of treatment time under static alkaline treatment at room 
temperature on the morphology of Ce(OH)3-OH-NT:  (a) 0 day, (b) 15 days, 
(c) 30 days, and (d) 60 days (with the red arrow showing the nanopore diameter 
of ~ 2.5 nm). 
 
Figure 7-9a shows that the surfaces of Ce(OH)3-OH-NT were smooth in the 
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the surfaces of Ce(OH)3 nanotubes became slightly rough, but the inner layer 
of nanotubes was still intact and straight. After 30 days of static alkaline 
treatment, Figure 7-9c shows that the surfaces of Ce(OH)3 nanotubes became 
rougher, with some parts of nanotube becoming nanoporous. This phenomenon 
is in good agreement with the DTA-TGA results (Figure 7-3), whereby the 
dehydration reactions over the outer diameter of nanotubes were followed by 
the dehydration reactions over the inner diameter of nanotubes. After 60 days 
of static alkaline treatment, Figure 7-9d shows that all Ce(OH)3-OH-NT 
became Ce(OH)3 nanoporous-wall nanotubes (i.e. Ce(OH)3-NW-NT), with the 
diameter of nanopores around 1-3 nm. 
A schematic illustration of the formation process of Ce(OH)3-NW-NT is 
shown in Scheme 7-2. The possible mechanism is as follows: with the increase 
of treatment time, the ordered crystals of open hexagonal Ce(OH)3 nanotubes 
gradually become disordered and crystal mutual dislocations cause some 
crystals to “squeeze out” to form nanoporous-wall Ce(OH)3 nanotubes. Table 
7-1 shows the surface area of CeO2-NW-NT, CeO2-OH-NT and CeO2-NP. 
CeO2-NP with particle size of ~60 nm has been chosen for comparison in this 
study due to the dimension of CeO2 nanotubes with diameters of ~20-65 nm. 
The surface areas of CeO2-NW-NT and CeO2-OH-NT are found to be ~3.4 
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Scheme 7-2. Schematic illustration for the formation of Ce(OH)3-NW-NT, 
CeO2-OH-NT and  CeO2-NW-NT from Ce(OH)3-OH-NT. 
 
Table 7-1. Properties of CeO2-NW-NT, CeO2-OH-NT and CeO2-NP 
SBET Reducibility Inner Diameter Outer Diameter Length 
Nanopores on 
Wall Samples 
(m2/g) (oC)  (nm) (nm) (nm)     (nm) 
Ce(OH)3-OH- NT 51.7 - ~25-35 ~45-65 ~300-400 - 
Ce(OH)3-NW-NT 118.2 - ~28-37 ~48-67 ~300-400 ~1-3 
CeO2-NP 35.1 ~870 - ~60 - - 
CeO2-OH-NT 53.7 ~760 ~25-35 ~45-65 ~300-400 - 
CeO2-NW-NT 119.8 ~380-505 ~28-37 ~48-67 ~300-400 ~1-3 
 
Figure 7-10 shows the H2-TPR profiles of CeO2-NW-NT, CeO2-OH-NT and 
CeO2-NP. The H2-TPR result shows that CeO2-NW-NT, CeO2-OH-NT and 
CeO2-NP are respectively reduced at ~380-505°C, ~760°C, and ~870°C, 
showing the far easier reducibility of CeO2-NW-NT and CeO2-OH-NT than 
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CeO2-NP.  
 The theoretical value of H2 consumption required to fully reduce CeO2 are 
11.6 mmole/g, whereas the actual H2 consumption of CeO2-NW-NT, 
CeO2-OH-NT and CeO2-NP is 239.4, 173.5 and 108.1 μmol/g, respectively. 
Therefore, with about 2% or less of the actual H2 consumption for 
CeO2-NW-NT, CeO2-OH-NT and CeO2-NP as compared to the theoretical total 
H2 consumption, only a partial amount of CeO2-NW-NT, CeO2-OH-NT and 
CeO2-NP could be reduced during the reduction process, similar to the results 
reported in literature (Passos et al., 2006). This result indicates that H2 
molecules might have consumed only the oxygen species located on the surface 
of CeO2-NW-NT, CeO2-OH-NT and CeO2-NP. Therefore, the H2-TPR peak 
can be used to indicate the mobility of surface oxygen species on 
CeO2-NW-NT, CeO2-OH-NT and CeO2-NP. The relationship between the 
location of TPR peak and the mobility of surface oxygen species has been 
reported by some researchers for CeO2 and Y2O3 (Sun et al., 2008; Mamontov 
et al., 2000; Lin et al., 2002).  
 It is interesting to note that the maximum H2-TPR peak of CeO2-NW-NT, 
CeO2-OH-NT and CeO2-NP appears at temperature (T) in this order:  
T(CeO2-NW-NT) < T(CeO2-OH-NT) < T(CeO2-NP), with the maximum 
hydrogen consumption (HC) appears in this order:  HC(CeO2-NW-NT) > 
HC(CeO2-OH-NT) > HC(CeO2-NP).   
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Figure 7-10. H2-TPR profiles of CeO2-NW-NT, CeO2-OH-NT and 
CeO2-NP. 
 
This H2-TPR result shows that the surface oxygen species on CeO2-NW-NT 
have the higher mobility than those on CeO2-OH-NT and CeO2-NP. From the 
above investigations, CeO2-NW-NT and CeO2-OH-NT show the significantly 
enhanced surface area, reducibility and mobility of surface oxygen species than 
CeO2-NP. Since it has been reported that the easier reducibility and higher 
mobility of surface oxygen species on catalysts plays very important roles in 
enhancing the catalytic performance (Mamontov et al., 2000; Guzman et al., 
2005a; Aguilar-Guerrero et al., 2008; Guzman et al., 2005b), therefore our 
newly-synthesized CeO2-NW-NT and CeO2-OH-NT are believed to be 
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Ce(OH)3 open-hexagonal nanotubes [Ce(OH)3-OH-NT] and Ce(OH)3 
nanoporous-wall nanotubes [Ce(OH)3-NW-NT] have been fabricated successfully. 
The synthesis mechanism of Ce(OH)3-OH-NT under hydrothermal alkaline 
treatment condition is observed to be based on the dissolution and recrystallization 
of surrounding Ce(OH)3 compound followed by the gradual anisotropical growth 
of Ce(OH)3-OH-NT along the c-axis of nanotubes. The anisotropical growth of 
Ce(OH)3-OH-NT is also observed to occur over two kinds of Ce(OH)3 compound 
bases: the multidirectional growth of Ce(OH)3-OH-NT over spherical core base of 
Ce(OH)3 compound to form nanotube flowers and the vertical growth of 
Ce(OH)3-OH-NT over the flat base of Ce(OH)3 compound to form nanotube 
jungle. Furthermore, CeO2-NW-NT and CeO2-OH-NT, which can be formed by 
simply calcining Ce(OH)3-NW-NT and Ce(OH)3-OH-NT respectively, are found 
to have much higher surface area, easier reducibility and higher mobility of 
surface oxygen species than CeO2 nanoparticles.
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Chapter 8. A Crucial Role of Oxidation State And Reducibility of Rh 
Species Over A Novel Rh/CeO2-Nanotube Catalyst for CO2 Reforming of 
Ethanol to Hydrogen 
 
CO2 reforming of ethanol was studied to produce hydrogen for combination 
of CO2, which is greenhouse gas, and ethanol, which is renewable sources. A 
novel Rh/CeO2 nanotube catalyst has been successfully prepared by 
hydrothermal synthesis and wet impregnation method, and applied in CO2 
reforming of ethanol for production of hydrogen. The catalysts have been 
characterized by TEM, FESEM, BET, XRD, H2-TPR, H2-TPD and XPS. Among 
Rh/CeO2, Rh/Y2O3, Rh/Al2O3, Rh/La2O3 and Rh/CeO2 nanotubes, the novel 
Rh/CeO2 nanotube catalyst showed the highest hydrogen production rate and 
ethanol conversion. The oxidation state and reducibility of Rh species on 
catalyst surface were found to be the key factor for the extremely-high activity 
of Rh/CeO2 nanotubes. Furthermore, the mobility of lattice oxygen was found to 
be a supplementary factor in improving the catalytic performance of the 
Rh/CeO2 nanotube catalyst. The enhanced lattice oxygen density is due to large 
amount crystalline defects of CeO2 nanotubes formed in the calcination process 
of Ce(OH)3 nanotubes. These findings are helpful to understand the catalytic 
performance of catalysts with metal supported on oxide. Furthermore, the 
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combination of XPS and TPR analyses were used to investigate the effect of 





Global warming and climate change have already attracted tremendous attention 
because it is a long-term issue faced by human beings in the future decades. 
Global warming is mainly attributed to accumulation of CO2 in the atmosphere 
(Kerr, 2006). The increase of CO2 concentration in atmosphere shows 
significantly negative effects in some aspects, for examples: relation to El Nino 
(Freely et al., 1999), reduction of marine plankton calcification (Riebesell et al., 
2000; Barker and Elderfield, 2002), influence on hurricane intensity (Knutson et 
al., 1998), and deglaciation (Montanez et al., 2007). Therefore, chemical 
utilization of CO2, which has the potential to solve the serious problem of global 
warming, has attracted intensive research interests. CO2 can be used to 
synthesize chemical products in two ways: one is synthesis of inorganic 
products such as carbonate salts (Wu et al., 2008) and the other is synthesis of 
organic products such as organic carbonate (Sakakura and Kohno, 2009; Yin and 
Shimada, 2009), urea (Ion et al., 2007) and salicylic acid (Iijima and Yamaguchi, 
2008) by using CO2 as one of reactants. CO2 reforming is one of important 
 
 
   Chapter 8. A Crucial Role of Oxidation State And Reducibility of Rh Species Over A Novel Rh/
CeO2-Nanotube Catalyst for CO2 Reforming of Ethanol to H2 
  174
chemical utilizations of CO2 to transfer CO2 to inorganic products such as 
syngas/H2. CO2 reforming reactions generally include CO2 reforming of 
methane (Ashcroft et al., 1991), CO2 reforming of methanol (Allaoui and 
Aouissi, 2006), CO2 reforming of ethanol (Puolakka and Krause, 2007) and 
other reactions. Among these reactions, CO2 reforming of ethanol has some 
advantages as follows: (i) from the viewpoint of thermodynamics, CO2 
reforming of ethanol is favored at the reaction temperature above 318oC 
(Puolakka and Krause, 2007), (ii) ethanol is biodegradable, renewable, less toxic 
and easily transportable (Goula et al., 2004; Velu et al., 2005; Deluga et al., 
2004), (iii) CO2 reforming of ethanol mainly occurs via the following reactions:  
 
C2H5OH + CO2 → 3CO + 3H2    (∆H°298K = +297 kJ/mol)         (8-1) 
 
As shown in reaction (8-1), the ideal molar ratio of CO/H2 is equal to 1, 
indicating potential applications for production of oxygenated hydrocarbons or 
liquid hydrocarbons (Adolfo et al., 2008; Zhu et al., 2008). Meanwhile, some 
minor reactions also occur such as the dehydration reaction (8-2), ethanol 
decomposition (8-3), and reverse water gas shift reaction (8-4), which are 
illustrated as follows:  
 
C2H5OH → C2H4 + H2O            (∆H°298K = +45 kJ/mol)     (8-2) 
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C2H5OH → CH4 + CO + H2          (∆H°298K = +49 kJ/mol)    (8-3) 
CO2 + H2 → CO + H2O             (∆H°298K = -39.5 kJ/mol)    (8-4) 
 
Reaction (8-2) and (8-3) are moderately endothermic, whereas reaction (8-4) is 
moderately exothermic. In contrast, reaction (8-1) is strongly endothermic to be 
favored at high reaction temperature, whereas side reaction (8-4) is suppressed 
at high temperature. Therefore, high reaction temperature is chosen for CO2 
reforming of ethanol in this study.  
  The activity, selectivity, stability and deactivation generally are used for 
evaluation of catalytic performance. One of reasons for catalyst deactivation in 
CO2 reforming of ethanol is carbon deposition, which comes from the following 
reactions (8-5)-(8-8) (Li et al., 2008; Szchenyi and Solymosi, 2007; Cimenti and 
Hill, 2009): 
 
C2H5OH → C + CO + 3H2     (∆H°298K = +125 kJ/mol)            (8-5) 
2CO → CO2 + C             (∆H°298K = -171 kJ/mol)             (8-6) 
CH4 → 2H2 + C              (∆H°298K = +75 kJ/mol)             (8-7) 
C2H4 → Polymerization → Coke                                (8-8) 
C + CO2 → 2CO             (∆H°298K = 171 kJ/mol)            (8-9) 
 
Decomposition of ethanol and methane, as shown in reaction (8-5) and (8-7), 
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is moderately endothermic and favored at middle reaction temperature, whereas 
reaction (8-6) is moderately exothermic reaction, which is suppressed at high 
temperature. Therefore, reaction (8-1) is promoted at higher temperature than 
side reactions and coke formation reactions, which can be significantly 
suppressed by choosing a suitable active metal. Metals such as Ni, Rh, Pt, Co, 
and Pd have been used as the active component of catalysts in CO2 reforming 
reactions and ethanol reforming reactions. Ni-based catalysts show easy 
deactivation because of carbon deposition (Fierro et al., 2002; Breen et al., 2002; 
Chen et al., 1999; Goula et al., 1996; Wang and Lu, 1998; Tang et al., 2000; Luo 
et al., 2000). Furthermore, the decomposition of ethanol, as shown in reaction 
(8-5), is favored over Ni-based catalysts, indicating serious coke formation on 
Ni-based catalysts (Wang et al., 2009). By comparison, Rh-based catalysts were 
reported to have high activity, stability and low coke formation in CO2 
reforming of methane and ethanol steam reforming reactions (Aupretre et al., 
2005; Bitter et al., 1998; Maestri et al., 2008). Rh is the most active metal in the 
steam reforming of ethanol and the order of activity of metals in steam 
reforming of ethanol is as follows: Rh > Pd > Ni = Pt (Aupretre et al., 2005). 
Bitter et al. reported that Rh is the most stable and active of group VIII metals in 
CO2 reforming of methane (Bitter et al., 1998). Maestri and coworkers reported 
that Rh shows excellent conversion and selectivity to syngas at very short 
contact time in CO2 reforming reactions (Maestri et al., 2008). Therefore, 
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Rh-based catalysts were chosen for CO2 reforming of ethanol in this work. 
  Furthermore, catalyst supports also play a very important role in CO2 
reforming of ethanol. Rh-based catalysts over CeO2 nanotubes, CeO2, Al2O3, 
Y2O3, and La2O3 for CO2 reforming of ethanol were investigated in this study. 
Nanotube materials have already attracted extensive research interests since the 
discovery of carbon nanotubes (Iijima, 1991; Stevens et al., 1998). CeO2 
nanotubes have been intensively investigated recently because of their novel 
structure properties, outstanding size-induced properties and potential 
applications. CeO2 nanotubes have been synthesized through several methods, 
such as the templating method within porous alumina membrane (Inguanta et al., 
2007; Yu et al., 2007), and the non-templating hydrothermal route (Han et al., 
2005; Tang et al., 2005). In this study, CeO2 nanotubes were fabricated by using 
non-templating hydrothermal alkaline route. CeO2 was reported as an excellent 
catalyst support for steam reforming of ethanol. For example, Deluga and 
coworkers (2004) reported that Rh/CeO2 shows high activity in ethanol steam 
reforming reactions, which is an economical chemical process. Furthermore, 
CeO2 shows strong oxygen mobility and oxygen storage ability due to Ce4+ ↔ 
Ce3+ redox and oxygen vacancy formation, which is helpful to promote CO2 
reforming of ethanol (Loschen et al., 2008). 
  In this study, CO2 reforming of ethanol is studied to produce syngas/hydrogen 
for combination with CO2, which is a greenhouse gas, and ethanol, which is a 
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renewable resource. A novel Rh/CeO2 nanotube catalyst has been successfully 
prepared by hydrothermal synthesis and wet impregnation method, and applied 
in CO2 reforming of ethanol. Rh/CeO2 nanotube catalyst shows the highest 
hydrogen production rate and ethanol conversion among five Rh-based catalysts. 
The oxidation state and reducibility of well-dispersed Rh species were found to 
play a key factor in the catalytic performance of five Rh-based catalysts. High 
mobility of lattice oxygen with the CeO2 nanotube support was found to play a 
auxiliary role in the catalytic performance of Rh/CeO2 nanotube. The enhanced 
mobility and density of lattice oxygen is due to the large number of crystalline 
defects of CeO2 nanotubes formed by calcination of Ce(OH)3 nanotubes. 
 
8.2. Experimental  
 
8.2.1. Preparation of catalysts 
 
Ce(OH)3 nanotubes were fabricated by hydrothermal synthesis under an 
oxygen-free environment. Typically, 80 ml of NaOH solution (11M) was purged 
with helium gas for 30 min to remove oxygen before it was poured into a 
120-ml stainless steel autoclave containing 2.528 g of Ce(NO3)3·6H2O. Since 
Ce3+ is sensitive to oxygen (Abiaad et al., 1993), the autoclave was sealed in the 
glove box and then placed in an oven for 72 hours at 125°C. After hydrothermal 
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synthesis, the precipitated white solid powder was recovered and washed with 
the de-oxygenated DI-water which was prepared by purging DI-water with 
helium gas for 30 min. Ce(OH)3 nanotubes can be almost completely 
transformed to CeO2 nanotubes after calcination in air at 450°C under a heating 
rate of 1°C/min. 
1% Rh/Y2O3, 1% Rh/CeO2, 1% Rh/La2O3, and 1% Rh/Al2O3 catalysts were 
prepared by wet impregnation method. Typically, the starting solution was 
prepared by mixing Ce(NO3)3·6H2O, Y(NO3)3·6H2O, La(NO3)3·6H2O, or 
Al(NO3)3·6H2O with the solution of Rh(NO3)3 to achieve 1 wt% Rh/CeO2 
nanotubes under magnetic stirring at ~95°C, respectively. After stirring, the 
solution was dried and then calcined in air at 600°C for 5 hours. The catalysts of 
20-40 mesh were used in the fixed bed reactor. 
In a typical synthesis, CeO2 nanotubes ( 2g ) was stirred with 10 ml Rh nitrate 
solution and refluxed for 3 hours in a oil bath at 140°C. And then the solution 
was dried in air for 10 hours at 90°C. After drying, the sample was calcined for 
5 hours at 450°C under ramping 1°C min-1. 
 
8.2.2. Characterization of catalysts 
 
OSC (Oxygen Storage Capacity) measurements were conducted via 
ChemBET 3000. Pulses of He containing 1% O2 were injected into the system 
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until 100% O2 breakthrough was attained. Then alternating injections were made 
with a pulse of He containing 1% H2 until there were no changes of amount in 
the H2 pulse. At least three measurements of H2 and O2 uptake were determined 
for each sample. 
 
8.2.3. Activity test 
 
The CO2 reforming of ethanol was conducted in stainless steel tube reactor 
(Ø=6mm) fitted in one tube furnace and linked to an online gas chromatography 
to analyze the molar percentage of each component in gas product. Ethanol was 
pumped into the vaporizer (~150°C) by a syringe pump (ISCO Model 100DM) 
before entering tube reactor at a rate that would provide a feed with a 
CO2/ethanol mole ratio equal to unity. Typically, 100mg of the catalysts were 
used and reduced under a stream of 25% hydrogen/nitrogen mixed gas at 450°C 
for 30 minutes before CO2 oxidative reforming of ethanol. 
 
8.3. Results and discussion 
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Figure 8-1a shows the FESEM picture of the freshly-synthesized Ce(OH)3 
sample. The image clearly displays the formation of Ce(OH)3 nanotubes, with 
all the synthesized Ce(OH)3 nanotubes having 1-D structures. Figure 8-1b shows 
that the inner and outer diameters of the synthesized Ce(OH)3 nanotubes are ~ 
10-35 nm and ~ 20-65 nm, respectively, resulting in the thickness of nanotube 
wall being between 10 to 30 nm. Figure 8-1c shows the FE-TEM image of the 
multi-layer lattice crystal structure of Ce(OH)3 nanotubes against the sharp 
contrast of the background which is attributed to the strong electron beam 
passing through the carbon of copper grid. Figure 8-1d shows the TEM image 
(Okamoto et al., 2008) of CeO2 nanotubes, which are formed by calcining 
Ce(OH)3 nanotubes in air at 450°C for 5 hrs under a heating rate of 1°C/min (Yu 
et al., 2007; Tang et al., 2005). Yu and coworkers reported that CeO2 nanotubes, 
which were formed by the template synthesis route, have rough surfaces after 
calcination of Ce(OH)3 or Ce(NO3)3 nanotube precursors because the wall of 
Ce(OH)3 or Ce(NO3)3 nanotubes dehydrated or decomposed to form big 
needle-like CeO2 particles (Yu et al., 2007). However, in our study, the surface 
of the CeO2 nanotubes is not rough even after calcination, possibly due to the 
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Figure 8-1. (a) FESEM image of Ce(OH)3-OH-NT, (b) FESEM image 
displaying the outer and inner diameters of Ce(OH)3-OH-NT, (c) FE-TEM 
image of multi-layer crystal lattice of Ce(OH)3-OH-NT and (d) TEM image of 
CeO2 open-hexagonal nanotubes [CeO2-OH-NT] formed by calcination of 
Ce(OH)3-OH-NT. 
 
Figure 8-2 shows filling 1 wt% Rh and 5 wt% Rh nanoparticles inside and on 
the surface of CeO2 nanotubes. The particle sizes of Rh nanoparticles are around 
~5 nm. Filling and encapsulation of nanotubes were reported by several methods 
such as wet chemistry (Tsang et al., 1994; Svrcek, 2008; Wu et al., 2002), 
capillary effect and diffusion (Bazilevsky et al., 2008), electro-beam evaporation 
(Ajayan and Iijima, 1993b), electrode-plating method (Wang et al., 2007b), 
pressure driving nanofluidic flow (Bai et al., 2009), arc plasma evaporation 
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Furthermore, a computational approach to the study of metal encapsulated 
nanotubes also was developed (Singh et al., 2004). In this work, wet chemistry 





Figure 8-2. (a) 1 wt% Rh and (b) 5 wt% Rh nanoparticles filled inside and on 
the surface of CeO2 nanotubes. 
 
8.3.2. XRD patterns of Rh-based catalysts 
 
XRD patterns of catalysts were performed by using Shimadzu XRD-6000 
analyzer. Figure 8-3 exhibits the characteristic XRD patterns of 1% Rh/CeO2 
nanotubes, 1% Rh/CeO2, 1% Rh/Y2O3, 1% Rh/La2O3 and 1% Rh/Al2O3 samples 
before reduction. 1% Rh/CeO2 nanotubes show the characteristic XRD peaks in 
the 2θ value of 28.42°, 32.97°, 47.42° and 56.23° (PDF-#: 34-0394), which are 
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reported in the literature (Inguanta et al., 2007; Yu et al., 2007; Han et al., 2005; 
Tang et al., 2005; Fuentes et al., 2008). The intensity of characteristic peaks of 
CeO2 nanotubes is stronger than that of CeO2 because the outer diameter and 
length of CeO2 nanotubes are ~45-65 nm and ~300-400 nm, respectively.  






























                Figure 8-3. XRD patterns of Rh-based catalysts 
 
The XRD characteristic peaks of Al2O3 do not appear for 1% Rh/Al2O3 due to 
small particle size of Al2O3. As shown in Figure 8-3, the characteristic XRD 
peaks of Rh oxide can not be observed for any of five Rh-based catalysts, which 
can be attributed to very small particle size of Rh oxide.  
 
8.3.3. Surface area and dispersion analysis 
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As shown in Table 8-1, specific surface areas of five Rh-based catalysts were 
measured by BET (Autosorb-1 Quantachrome) and Rh weight percentage of 
catalysts was measured by ICP analysis. In addition, Rh dispersion of catalysts 
was measured by H2-TPD analysis.  
 
Table 8-1 Textural characterization of catalysts 
Rh Content wt.% SBET Rh Dispersion Catalysts 
 (overall)a (m2/g)         (%)b 
1% Rh/La2O3  0.9±0.1 23.3 ≈11 
1% Rh/Y2O3 0.8±0.1 26.9 ≈14 
1% Rh/CeO2 0.9±0.1 35.8 ≈25 
1% Rh/Al2O3 0.8±0.1 53.7 ≈30 
1% Rh/CeO2 nanotubes 0.8±0.1 53.5 ≈29 
 
a From ICP analysis 
b From H2-TPD analysis 
 
Table 8-1 shows that higher surface area resulted in higher Rh dispersion. 1% 
Rh/Al2O3 and 1% Rh/CeO2 nanotubes showed higher surface area and 
dispersion than that of 1% Rh/CeO2, 1% Rh/Y2O3, and 1% Rh/La2O3 with 
sequentially descending specific surface area.  
 
8.3.4. XPS analysis of Rh-based catalysts 
 
Rh 3d XPS spectra of five Rh-based catalysts are shown in Figure 8-4. 
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According to Handbook of XPS (Wagner et al., 1979), any positive charging 
adds to the retardation and tends to make the peaks appear at higher binding 
energy. For pure Rh metal foil, the XPS peaks of Rh(3d5/2) and Rh(3d3/2) exhibit 
at 307.0 eV and 311.8 eV, respectively (Kondarides and Verykios, 1998; Gayen 
et al., 2004; Polychronopoulou et al., 2004). In the prior literature, two XPS 
peaks located at 307.3 and 312.2 eV are attributed to Rh(3d5/2) and Rh(3d3/2) of 
Rh0, and two XPS peaks located at 310.7 and 315.3 eV are assigned to Rh(3d5/2) 
and Rh(3d3/2) of Rh3+ (Kondarides and Verykios, 1998). Table 8-2 shows Rh 3d 
XPS data of various chemical states in many papers (Kondarides and Verykios, 
1998; Gayen et al., 2004; Polychronopoulou et al., 2004; Eriksson et al., 2007; 
Bueno-Lopez et al., 2006; Zhou et al., 2007c; Force et al., 2007; Wang et al., 
2006; Ojeda et al., 2004; Zahmakiran et al., 2009). The catalyst surfaces with 
around 10 nm thickness were analyzed by XPS.  
Compared to Table 8-2, the order of oxidation state of Rh species on five 
Rh-based catalyst surfaces in this study is as follows: Rh/Al2O3 > Rh/La2O3 > 
Rh/Y2O3 > Rh/CeO2 > Rh/CeO2 nanotubes, in good agreement with the order of 
reducibility of the well-dispersed Rh species on catalyst surface. Oxidation state 
of Rh species studied by XPS analysis and reducibility of Rh species studied by 
H2-TPR are complementary because oxidation and reduction are inverse 
processes. Verykios and coworkers reported that Rh0, Rh+, and Rh3+ coexisted 
based on XPS analysis of a sample, prepared using RhCl3 as a precursor. They 
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found that residual Cl- species hindered Rh3+ reduction (Kondarides and 
Verykios, 1998). Therefore, Rh(NO3)3 was used as Rh precursor in this study. 

































        Figure 8-4. Rh 3d XPS analysis of five Rh-based catalysts. 
 
Figure 8-5 shows O 1s XPS analysis of 1% Rh/CeO2 nanotube catalyst before 
reaction and after reaction. The characteristic O 1s peaks at 527.05, 528.9, and 
532.35 ev are attributed to O-Ce4+, O-Ce3+ and peroxide species (O-), 
respectively (Praline et al., 1980; Qiu et al., 1990). The peroxide species on 
Rh/CeO2 nanotubes is probably due to oxygen attached to Rh+, which is in good 
agreement with the lowest oxidation state of Rh species on the Rh/CeO2 
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nanotube catalyst among five Rh-based catalysts. Compared to the sample 
before reaction, the peak areas of O-Ce4+ and O-Ce3+ decrease significantly, 
indicating that reactive surface oxygen species were involved in the CO2 
reforming of ethanol. Furthermore, peroxide species over 1% Rh/CeO2 nanotube 
catalyst fully disappeared after reaction, indicating that peroxide species were 
also involved in CO2 reforming of ethanol.  
 
 
Table 8-2  
Rh 3d XPS data over various Rh-based catalysts 















  Rh0 (eV) Rh+ (eV) Rh3+ (eV) Rh0 (eV) Rh+ (eV) Rh3+ (eV)   
Rh metal 307.2   312   Gayen 2004 
Rh2O3   308.8   313.6 Gayen 2004 
1%Rh/CeO2   308.8   313.6 Gayen 2004 
0.5%Rh/50Mg 
-25Ce-25Zr-O 
307.4  309.7    
Polychronopoulou 
2004 
Rh/CeO2-ZrO2 307.3  309    Eriksson 2007 
RhCeO2600/800 307.2  308.8    
Bueno-Lopez 
2006 
Rh(I)/Au  308.4     Zhou 2007c 
T-1 (Rh/CeO2) 306.8 307.8 309.2    Force 2007 
Rh/Al2O3 307.4   312.1   Wang 2006 
Rh-CeO2/Al2O3 307.7   312.4   Wang 2006 
Rh/Al2O3 307  309.2    Ojeda 2004 
Rh/Zeolite 306.4   311   Zahmakiran 2009
0.5%Rh/CeO2 (Cl) 307.3 307.3 310.7 312.2 312.2 315.3 Kondarides 1998
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Figure 8-5. O 1s XPS analysis of 1% Rh/CeO2 nanotube catalyst before 
reaction and after reaction. 
 
8.3.5. The reducibility of well-dispersed Rh species on catalyst surface by 
H2-TPR analysis 
 
  The H2-TPR profiles of five Rh-based catalysts (Figure 8-6) show that Rh oxide 
species over all five catalysts can be reduced below 500°C. Multiple reduced 
peaks corresponding to different temperatures were found on all five catalysts. 
Avgouropoulos et al. (2005), Luo et al. (1997) and Wang et al. (2005a) attributed 
the reduction peak at low temperature to the reduction of well dispersed active 
metal species on catalyst surface and the reduction peaks at higher temperature 
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were attributed to larger active metal particles. Therefore, as shown in Figure 8-6, 
the reduction peaks at 125oC (Rh/CeO2 nanotubes), 129oC (Rh/CeO2), 152oC 
(Rh/Y2O3), 215oC (Rh/La2O3), and 239oC (Rh/Al2O3) are attributed to well 
dispersed Rh species over catalyst surface. Song and coworkers reported that 
catalytic performance of Ni-Rh/CeO2 over oxidative steam reforming of ethanol is 
due to metal dispersion (Kugai et al., 2006). Hence, well dispersed Rh species, 
which are highly related to metal dispersion, have a significant influence on 
catalytic performance of Rh-based catalysts. Based on the reduction temperatures 
of first peaks as shown in Figure 8-6, the order of reducibility of well dispersed 
Rh species is: Rh/CeO2 nanotubes > Rh/CeO2 > Rh/Y2O3 > Rh/La2O3 > Rh/Al2O3. 
It has already been reported that, besides deactivation due to sintering of Rh to 
form large particles (Kiss and Gonzalez, 1985; Yates and Prestridge, 1987; 
Fiedorow et al., 1978), another reason for deactivation of Rh-based catalysts is 
formation of difficult-to-reduce Rh oxide species (Kiss and Gonzalez, 1985). Thus 
easier reducibility of well dispersed Rh species has a significant influence on 
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Figure 8-6. H2-TPR profiles of five Rh-based Catalysts (arrows denote first TPR 
peaks of Rh-based catalysts to indicate the reducibility of well-dispersed Rh 
species).  
 
In addition, the preparation variables such as the precursors, used the 
calcination temperature and the synthesis method all played an important in the 
ultimate reducibility of the Rh oxide. Wan et al. reported that more than 85% of 
Rh oxide species are reduced over Rh/Al2O3 calcined at 600°C, while less than 
19% of Rh oxide species are reduced over Rh/Al2O3 calcined at 900°C (Weng et 
al., 2006). As comparison, Rh-based catalysts prepared in this study, which also 
was calcined at 600°C, were believed to have a similarly high percentage of 
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8.3.6. The mobility of lattice oxygen over Rh-based catalysts by H2-TPR 
analysis 
 
  The theoretical values of H2 consumption for fully reduced 1% Rh/CeO2, 1% 
Rh/Y2O3, 1% Rh/Al2O3, and 1% Rh/La2O3 are 11.7, 13.3, 29.5 and 9.3 mmole/g, 
whereas the actual H2 consumption on 1% Rh/CeO2 nanotubes, 1% Rh/CeO2, 
1% Rh/Y2O3, 1% Rh/Al2O3 and 1% Rh/La2O3 are 261.2, 177.5, 111.5, 255.9 and 
160.7 umol/g, only ~3% or less of total theoretical H2 consumption. Therefore, 
only partial CeO2 nanotubes, CeO2, Y2O3, Al2O3, and La2O3 catalyst supports 
are reduced in the heating process, similar results as reported in literature 
(Passos et al., 2006). One possible explanation is that H2 molecules only reduced 
Rh oxide and other oxygen species located on the catalyst surface. As a result, 
H2 consumption peaks can be used to indicate the mobility of surface oxygen 
over catalyst supports such as CeO2 nanotubes, CeO2, Y2O3, Al2O3, and La2O3. 
Similar methods were reported by some researchers on CeO2 and Y2O3 before 
(Lin et al., 2002; Mamontov et al., 2000; Sun et al., 2008). As shown in Figure 
8-6, 1% Rh/CeO2 nanotube catalyst shows a H2 consumption peak at ~720°C 
due to consumption of surface oxygen on CeO2 nanotubes, while 1% Rh/CeO2 
exhibits a peak of consumption of surface oxygen at ~820°C on CeO2. The 
high-temperature oxygen species are associated with lattice oxygen (Guzman et 
al., 2005a and 2005b). The H2 consumption peaks at ~720°C on 1% Rh/CeO2 
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nanotubes and at ~820°C on 1% Rh/CeO2 are attributed to lattice oxygen. 
Therefore, although CeO2 nanotubes and CeO2 are constituted by the same 
elements, CeO2 nanotubes with nano-tubular structures show enhanced mobility 
of lattice oxygen on the surface of CeO2 nanotubes when compared to that on 
the surface of CeO2. The mobility of surface oxygen has been reported to be due 
to an interstitial ion and highly related to the amount of crystalline defects 




Figure 8-7. (a) ordered crystalline lattice of Ce(OH)3 nanotubes. (b) large 
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As shown in Figure 8-7, the CeO2 nanotube catalyst support shows lots of 
crystalline defects after calcination of Ce(OH)3 nanotubes, which originally 
exhibits ordered multi-layer crystalline lattice. Herein, higher mobility of lattice 
oxygen over 1% Rh/CeO2 nanotubes is attributed to large amount of crystalline 
defects of CeO2 nanotubes. This result indicates that the mobility of lattice 
oxygen over 1% Rh/CeO2 nanotubes is higher than that over 1% Rh/CeO2.  
 
8.3.7. Formation process of enhanced lattice oxygen density at crystalline 
defect sites 
 
The formation process of enhanced lattice oxygen density at crystalline defect 
sites and formation of oxygen vacancy over CeO2 nanotubes were proposed as 
shown in Scheme 8-1. Mamontov et al. reported that lattice defects were highly 
related to oxygen storage capacity and proposed that oxygen defects in 
CeO2-containing materials may be a prerequisite for their catalytic performance 
(Mamontov et al., 2000). As shown in Scheme 8-1, during calcination of 
Ce(OH)3 nanotubes, crystal 1 and 2 displaced each other to form crystalline 
defects which then cause enhanced lattice oxygen density at CeO2 crystalline 
defect sites (Conesa et al., 1995).  
  Oxygen vacancies in the defective CeO2 fluorite structure have already been 
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reported to be responsible for the high catalytic performance in CO oxidation 
reaction (Fajardie et al., 1998; Fornasiero et al., 1995). When fresh Rh/CeO2 
nanotube catalysts are reduced in H2, besides the original oxygen vacancies (Vo), 
additional oxygen vacancies (Va) could be generated via Eqs. (8-10) and (8-11): 
      
2Ce4+ + O2− + H2 → 2Ce3+ + H2O + Va  (8-10) 
     O2-lattice + H2 → H2O + Va            (8-11) 
 
The concentration of oxygen vacancies has a gradient, which facilitate the 
outward diffusion of lattice oxygen, from the surface to the bulk during the 
reduction of Ce4+ to Ce3+ (He et al., 2003). As shown in Scheme 8-1, large 
amounts of oxygen vacancies are formed after reduction of CeO2 nanotubes.  
 
Enhanced Lattice Oxygen Density 
at CeO2 Crystalline Defect Sites
Ce3+ ion Ce4+ ion




CeO2 + Ce2O3 Nanotubes with 










 Scheme 8-1. Formation process of enhanced lattice oxygen density at CeO2 
crystalline defect sites and formation of oxygen vacancy by reduction. 
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8.3.8. Activity test  
 
Figure 8-8 shows the catalytic performance (in terms of hydrogen production 
rate) over five Rh-based catalysts for CO2 reforming of ethanol. Our objective is 
to produce hydrogen as high production rate as possible. Figure 8-9 shows the 
product distribution of gas products such as H2, CO, CO2, and CH4 over 1% 
Rh/CeO2 nanotube catalyst in CO2 reforming of ethanol. The amounts of minor 
products such as CH4, C2H4, and C2H6 are close to zero, indicating that main 
reaction (8-1) is dominant at the temperature range of 550-800°C. At the 
reaction temperature higher than 600°C, the molar ratio of H2/CO is between 1.0 
and 1.2. Table 8-3 shows that the conversion of CO2 is more than 80% at the 
reaction temperature above 700°C over 1% Rh/CeO2 nanotube catalyst. In 
contrast, 1% Rh/CeO2 nanotubes shows the highest CO2 conversion among five 
Rh-based catalysts, in agreement with results of hydrogen production rate. In 
present study, the increase of reaction temperature resulted in the increase of 
hydrogen production rate over 1% Rh/CeO2 nanotubes, 1% Rh/CeO2, 1% 
Rh/Y2O3, 1% Rh/La2O3, and 1% Rh/Al2O3 catalysts because CO2 reforming of 
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Figure 8-8. The effect of catalyst supports over hydrogen production rate over 
five Rh-based catalysts. 
 
  As shown in Figure 8-8, 1% Rh/CeO2 nanotube catalyst gives the highest H2 
production rate in the temperature range of 550-800°C, while 1% Rh/CeO2, 1% 
Rh/Y2O3, 1% Rh/La2O3, and 1% Rh/Al2O3 exhibit sequentially descending H2 
production rates. Song and coworkers reported that catalytic performance of 
Ni-Rh/CeO2 over oxidative steam reforming of ethanol is due to metal 
dispersion (Kugai et al., 2006). However, in this study, the order of specific 
surface area and Rh dispersion of five Rh-based catalysts is as follows: 1% 
Rh/Al2O3 > 1% Rh/CeO2 nanotubes > 1% Rh/CeO2 > 1% Rh/Y2O3 > 1% 
Rh/La2O3. Therefore, Rh dispersion and specific surface area may not be the key 
factors to cause the different catalytic performance over five Rh-based catalysts. 
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Figure 8-9. Mole percentage of gas products over 1% Rh/CeO2 nanotube 
catalyst. 
 
Table 8-3 Conversion of CO2 over five Rh-based catalysts 
Conversion of CO2 Sample 
550oC 600oC 650oC 700oC 750oC 800oC 
1% Rh/CeO2 nanotubes 0.44 0.59 0.78 0.84 0.83 0.87 
1% Rh/CeO2  0.37 0.57 0.68 0.73 0.79 0.83 
1% Rh/Y2O3 0.24 0.56 0.62 0.68 0.74 0.81 
1% Rh/La2O3 0.31 0.35 0.59 0.61 0.69 0.78 
1% Rh/Al2O3 0.15 0.24 0.18 0.14 0.52 0.71 
 
  Interestingly, it is found that the order of oxidation state and reducibility of 
well-dispersed Rh species on the catalyst surface is correlated with that of 
catalytic performance of the corresponding five Rh-based catalysts, suggesting 
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that the oxidation state and reducibility of well-dispersed Rh species on the 
catalyst surface is the key factor to cause the different catalytic performance 
over five Rh-based catalysts. It is likely that redox properties of CeO2 nanotube 
supports cause the lower oxidation state and easier reducibility of Rh species 
than other four catalyst supports.  
In this study, the reduction peaks of Rh/CeO2 nanotubes at 125oC is lower 
than that of Rh/CeO2 at 129oC, indicating that the reducibility of well-dispersed 
Rh species on CeO2 nanotube surface is slightly higher than that on CeO2. 
Furthermore, it is found that the mobility of surface oxygen over catalysts is a 
supplementary factor to achieve excellent catalytic performance, which has 
already been observed to act a factor in other reaction system by some 
researchers (Mamontov et al., 2000; Guzman et al., 2005a and 2005b; 
Aguilar-Guerrero et al., 2008). It has already been reported that reactive oxygen 
species were involved in CO oxidative reaction (Aguilar-Guerrero et al., 2008; 
Guzman et al., 2005a and 2005b). The mobility of surface oxygen are 
significantly related to the amount of crystalline defects (Mamontov et al., 2000; 
Sun et al., 2008). The high-temperature oxygen species are associated with 
lattice oxygen (Guzman et al., 2005a and 2005b). A large amount of crystalline 
lattice defects on CeO2 nanotubes formed during the calcination process of 
Ce(OH)3 nanotubes, resulting in high mobility and activity of lattice oxygen 
species which were involved in CO2 reforming of ethanol at high temperature. 
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As shown in Figure 8-6, it is emphasized here that the mobility of lattice oxygen 
over 1% Rh/CeO2 nanotubes reached the maximum at ~720oC, which is good 
agreement with the optimal reaction temperature of ~700-750 oC.   
Therefore, the excellent performance of 1% Rh/CeO2 nanotube catalyst in 
CO2 reforming of ethanol is attributed to a lower oxidation state and easier 
reducibility of well-dispersed Rh species on the catalyst surface and to the high 
mobility of lattice oxygen species over the CeO2 nanotube support. 
 
8.3.9. Reaction mechanism via redox properties and oxygen vacancies 
 
As shown in Figure 8-10, the H2 production rate of Rh/CeO2 nanotubes 
(reduced) was far higher than that over CeO2 nanotubes and RhOx/CeO2 
nanotubes (unreduced) due to low ethanol conversion, indicating that active sites 
over Rh are more competitive than those over CeO2 nanotubes and most of 
ethanol reacted with CO2 over active sites of Rh.  
Scheme 8-2 shows that most of ethanol and CO2 reacted over Rh species and 
small amount of ethanol and CO2 reacted over CeO2 nanotubes. As mentioned in 
XPS analysis and TPR analysis, the redox properties of Rh species on Rh/CeO2 
nanotubes play the key factor in producing high activity for CO2 reforming of 
ethanol. From the viewpoint of reducibility and oxidation, C atoms in CO2 and 
ethanol are reduced to form CO, and H atoms in ethanol are oxidized to form H2. 
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In Rh/CeO2 nanotube catalyst, which are assumed that 100% Rh species is Rh0 
and 100% Ce species are Ce4+, Rh0 species have only reducibility and CeO2 has 
only oxidation ability. The redox reactions can be regarded as the reactions with 
getting and losing electrons. Therefore, the H atom from ethanol was oxidized to 
form H2 gas by lose of electrons and C atoms in CO2 and ethanol are reduced to 
form CO.  
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Scheme 8-2. (a) Rh0 species promote electron transfer and (b) Rhδ+ species 
block electron transfer among the reactant surface species, catalyst support and 
active metals. 
 
As shown in Scheme 8-2, the electrons were transferred from Ce species to 
Rh and then from Rh species to reactant surface species. According to our XPS 
analysis and Figure 8-10, higher amounts of Rh0 species on CeO2 nanotubes 
caused the highest H2 production rate because higher amount of Rh0 species 
promoted the electron transfer process better than RhOx species. It was reported 
that Rh0 has far higher electrical conductivity than RhOx. (For example: the 
electrical conductivity of Rh and RhO2 are 2.2 x 105 S/cm and 0.5 x 105 S/cm, 
respectively) (Shannon, 1968; Wikipedia; Aisaka and Shimizu, 1970). As shown 
in Scheme 8-2b, Rhδ+ species show the highest oxidation state with the 
unavailable electron transfer, which can not lose electrons again, to cause the 
significant decrease of activity. According to Figure 8-10 and Scheme 8-2, since 
most of ethanol and CO2 reacted on active sites of Rh species, chemisorbed 
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ethanol and CO2 over Rh are studied in the following reaction mechanism. 
  Scheme 8-3 shows the reaction mechanism of CO2 reforming of ethanol over 
Rh/CeO2 nanotubes. The reaction mechanism cycle in Scheme 8-3 includes 
chemisorption and dissociation of ethanol and CO2 over Rh species.  
In the process of chemisorption and dissociation of ethanol, the C atom in 
ethanol is reduced to form CO by gaining two electrons over Rh0, the Rh0 are 
oxidized to form Rhδ+ species due to the lose of electrons. Furthermore, since 
all H atoms come from ethanol, H atoms form H2 gas by the only way that C-H 
and O-H break over Rhδ+ species to form H. species by lose of two electrons. 
Two H. combine together to form H2 gas over Rhδ+ species and Ce4+ species. 
The spillover of H. species move H. species from Rhδ+ species to Ce4+ species 
(Guerrero, 2009; Mattos, 2009; Tsao, 2008). In addition, as mentioned in 
Scheme 8-2, small amount of ethanol and CO2 reacted each other on CeO2 
nanotubes. As a result, Rhδ+ species and Ce4+ species are reduced by gaining 
electrons to form Rh0 and Ce3+. According to our TPR analysis, the process of 
Rhδ+ → Rh0 was found to be the lowest reduction temperature of Rh species 
(easiest reducibility) over CeO2 nanotubes, indicating that 2H.-Rhδ+ → Rh0 + 
H2 – δe- was easier process over CeO2 nanotubes than over other four catalyst 
supports. As a result, Rh/CeO2 nanotubes show the highest H2 production rate 
than other four Rh-based catalysts. Therefore, some C species combine with O 
species to form CO and cause the formation of oxygen vacancies.  
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Scheme 8-3. CO2 reforming of ethanol reaction mechanism over Rh species of 
Rh/CeO2 nanotubes. 
 
  In the process of chemisorption and dissociation of CO2, an O atom from CO2 
occupies the oxygen vacancy. According to Scheme 8-1, a large number of 
oxygen vacancies are formed in the reduction process. According to reaction 
(8-10) and (8-11), 2Ce4+ → 2Ce3+ + 1Vacancy (oxygen). Therefore, two atoms 
of Ce4+ and four atoms of O (total: 2CeO2) were used in Scheme 8-3. CO2 is 
reduced to form CO via addition of two electrons, and Ce3+ species are oxidized 
to form Ce4+ species via lose of two electrons, which were transferred from Ce3+ 
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species on catalyst support to Rh0 species and then to reactant CO2, in good 
agreement with Scheme 8-2a. The reaction mechanism accompanies the redox 
cycle of active metal: Rh0 → Rhδ+ → Rh0 and the redox cycle of catalyst 
support: Ce4+ → Ce3+ → Ce4+. Furthermore, the reaction mechanism is the 




In summary, a novel Rh/CeO2 nanotube catalyst was fabricated successfully 
through hydrothermal synthesis followed by wet impregnation method. The 
excellent catalytic performance of the novel Rh/CeO2 nanotube catalyst in CO2 
reforming of ethanol is attributed to lower oxidation state and easier reducibility 
of Rh species on the catalyst surface, both of which play crucial roles in 
providing higher activity for this reaction. Furthermore, the high mobility of 
lattice oxygen species was found to be another important factor in the high 
activity of the Rh/CeO2 nanotube catalyst. And the enhanced lattice oxygen 
density is due to a large number of crystalline defects on the CeO2 nanotubes 
formed in the calcination process of Ce(OH)3 nanotubes. According to XPS and 
TPR analysis, the reaction mechanism accompanies the redox cycle of active 
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The studies presented in this thesis mainly focus on the development of Rh 
catalysts supported on nanostructured material supports for reforming of ethanol 
to produce hydrogen. Furthermore, the effects of chemical and physical 
properties of nanostructured materials on catalytic activity, selectivity and 
stability in SRE and CRE were studied for fundamental understanding the 
catalytic behavior of nanomaterial catalysts. For example, oxide nanotubes show 
some excellent properties such as symmetry, electronic, thermodynamic, redox 
properties and so on. In this work, it was found that the electronic transfer 
between active metal and oxide nanotubes, thermodynamic properties of oxide 
nanotubes, and redox properties of oxide nanotubes play important roles for 
catalytic performance of oxide nanotube catalysts in SRE and CRE. The studies 
show, for the first time, that Rh supported on oxide nanotubes, such as Y2O3 
nanotubes and CeO2 nanotubes, possess excellent catalytic performance in steam 
reforming of ethanol (SRE) and CO2 reforming of ethanol (CRE). The high 
activity and stability of Rh/oxide-nanotube catalysts in SRE and CRE are 
discovered to be strongly attributed to the significant properties of oxide 
nanotubes, which are found to have potential applications as novel catalyst 
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supports.   
 
The research reported in this thesis is summarized as follows: 
 
9.1.1. Steam reforming of ethanol (SRE) 
 
SRE is one of the cost-effective and important methods to produce H2 due to the 
high H2 production rate, some of which comes from the H atoms of steam, and 
low carbon deposition.  
 
9.1.1.1. Development of Rh/Y2O3 as SRE catalyst 
 
The good catalytic performance of Rh/Y2O3 in SRE is discovered (Chapter 
4) to be attributed to the strong oxidizing ability of Y2O3. The order of catalytic 
activity on the four Rh-based catalysts chosen in this study is as follows: 
Rh/Y2O3 > Rh/CeO2 > Rh/La2O3 > Rh/Al2O3. Therefore, Y2O3 and Rh/Y2O3 are 
the potential commercial catalyst support and catalyst for SRE, respectively. 
Furthermore, the optimal gas hourly space velocity (GHSV) is found by 
optimizing the H2/CO molar ratio and H2 production rate. A new indicator, H2/C, 
has also been proposed for the first time and found to have a strong linkage to 
the optimal H2 production rate under the lowest C emission in SRE.  
 
 
   Chapter 9. Conclusions and Recommendations 
  208
 
9.1.1.2.  Development of Rh/Y2O3-nanotube catalysts as novel SRE catalyst 
 
Since Rh/Y2O3 is found (Chapter 4) to be highly active and stable in SRE, a 
novel catalyst support, Y2O3 nanotubes, and a novel Rh/Y2O3-nanotube catalyst 
have been developed and applied to SRE reactions (Chapter 5). Some factors, 
such as surface area, Rh dispersion and reducibility of the Rh species, did not 
play the key roles on the performance of the Rh/Y2O3-nanotube catalyst in SRE.  
In fact, based on the XRD and XPS analysis under the increased high 
temperatures, the anti-sintering and anti-growing of Rh species on Y2O3 
nanotubes were found to play the crucial roles on the high activity and stability 
of Rh/Y2O3 nanotubes in SRE. Furthermore, the ultra-low Rh loading of 
Rh/Y2O3 nanotubes is found to possess the super high H2 production rate per Kg 
Rh, hence solving the conflict between the high activity and high cost of 
Rh-based catalysts.   
 
9.1.2. CO2 reforming of ethanol (CRE) 
 
Chemical utilization of CO2 has been considered as the most important method 
to solve the global warming. In this study, CRE involves CO2, which is a main 
greenhouse gas, and ethanol, which is a renewable source. 
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9.1.2.1.  Development of Rh/Ce-SBA-15 as CRE Catalyst 
 
  Rh/SBA-15 catalyst, developed in Chapter 6, was found to have low activity 
in CRE. Therefore Ce, which was incorporated in the SBA-15 framework, was 
used to promote the activity of Rh/SBA-15 catalyst. The catalytic tests reported in 
this chapter show that the Ce/Si molar ratio has a significant influence on the 
hydrogen production rate and product selectivity of the Rh/Ce-SBA-15 catalysts 
in CRE. The optimal Ce/Si molar ratio for the highest hydrogen production rate is 
found to be 1/20. The significant enhancement of catalytic activity of 
Rh/Ce-SBA-15 from Ce/Si = 0 (pure SBA-15) to Ce/Si = 1/20 is attributed to the 
increase of the amount of Ce incorporated into SBA-15 framework, resulting in 
the enhancement of the mobility of surface oxygen species.  
 
9.1.2.2.  Synthesis and characterization of Ce(OH)3 and CeO2 nanotubes 
 
Since it was reported in Chapter 6 that Ce incorporated in the framework of 
SBA-15 significantly enhanced the catalytic activity of mesoporous silica 
supports, therefore the development and applications of CeO2 nanotubes as the 
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Ce(OH)3 open-hexagonal nanotubes [Ce(OH)3-OH-NT] and Ce(OH)3 
nanoporous-wall nanotubes [Ce(OH)3-NW-NT] have been fabricated 
successfully in Chapter 7. The length and diameter of Ce(OH)3 nanotubes can be 
controlled by adjusting the hydrothermal synthesis temperature and time. The 
synthesis mechanism of Ce(OH)3-OH-NT under hydrothermal alkaline 
treatment condition is observed, for the first time, to be based on the dissolution 
and recrystallization of surrounding Ce(OH)3 compound followed by the gradual 
anisotropical growth of Ce(OH)3-OH-NT along the c-axis of nanotubes. This 
proposed synthesis mechanism is helpful not only to understanding the growth 
process but also to realize the effective control of nanotube morphology. The 
anisotropic growth of Ce(OH)3-OH-NT is also observed, for the first time, to 
occur over two kinds of Ce(OH)3 compound bases: the multidirectional growth 
of Ce(OH)3-OH-NT over spherical core base of Ce(OH)3 compound to form 
nanotube flowers and the vertical growth of Ce(OH)3-OH-NT over the flat base 
of Ce(OH)3 compound to form nanotube jungle. Furthermore, CeO2-NW-NT 
and CeO2-OH-NT, which can be formed by simply calcining Ce(OH)3-NW-NT 
and Ce(OH)3-OH-NT respectively, are found to have much higher surface area, 
easier reducibility and higher mobility of surface oxygen species than CeO2 
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9.1.2.3.  Development of Rh/CeO2-nanotube catalysts for CRE 
 
Using CeO2 nanotubes as a catalyst support, a novel Rh/CeO2-nanotube 
catalyst has been successfully prepared in Chapter 8 by hydrothermal synthesis 
and wet impregnation method. The Rh/CeO2-nanotube catalyst has been applied 
as the novel catalyst for CRE as it showed an excellent hydrogen production rate 
and ethanol conversion. The oxidation state and reducibility of Rh species on 
CeO2 nanotubes were found to play the main roles for the extremely-high 
activity of Rh/CeO2-nanotube catalyst in CRE. Furthermore, the mobility of 
lattice oxygen was found to play the secondary role in improving the catalytic 
performance of the Rh/CeO2-nanotube catalyst in CRE. The enhanced lattice 
oxygen density is attributed to the large amount of crystalline defects of CeO2 
nanotubes formed during the calcination process of Ce(OH)3 nanotubes. The 
reaction mechanism of CRE based on the redox properties over 
Rh/CeO2-nanotube catalyst has also been proposed in this chapter, for the first 
time, for the fundamental understanding the catalytic behavior of supported 
metal catalyst on metal oxides. 
 
9.2. Future work  
 
 This work covers some related research areas from the synthesis of 
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nanomaterials, such as novel Y2O3 nanotubes, Ce-SBA-15 and novel CeO2 
nanotubes, to their application in SRE and CRE reactions for hydrogen 
production. Although some in-depth studies have been performed under some 
aspects, such as the effects of catalyst supports as well as the dispersion, 
chemical state and reducibility of Rh species over the catalytic performance of 
Rh-based catalysts, some other aspects of related research are worth further 
investigation and are recommended as follows:  
 
1. Investigations on mechanism and kinetics of metal/oxide-nanotube catalysts 
in SRE and CRE reactions.  
 
Based on the studies performed in this thesis, different reactions were found 
to be promoted under different reaction temperatures, causing the significant 
change of selectivity of reaction products. For example, carbon deposition, 
which is one of the main factors causing the deactivation of catalysts, is caused 
by the promotion of some related side reactions producing carbon. Furthermore, 
the catalyst acidity and surface oxygen mobility are found to have significant 
influences on the catalytic performance of catalysts. All the above questions are 
possible to investigate and will provide a fundamental understanding of the SRE 
and CRE reactions. Such information will lead to better control of the catalyst 
properties, such as catalyst composition, acidity, surface area and optimal 
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operation conditions etc.  
 
2. Investigations of the effect of catalyst supports with different morphologies, 
such as oxide nanotubes, nanoparticles and nanorods, on catalytic performance.  
  
Currently, the development of monodispersed metal oxide nanoparticles, 
which are controlled well in size distribution and shapes, could lead to the 
potential applications as catalyst supports for reforming of alcohols. Nanorods 
also show some excellent catalytic performance in some reactions. Hence, the 
similar nanoscale materials, such as oxide nanotubes, nanoparticles and 
nanorods, will be developed in order to study the effect of nano-morphology on 
catalytic performance.   
 
3. Development of active metal clusters, with very high dispersion and 
uniform controlled sizes, supported on oxide nanotubes for reactions. 
 
  Development of active metal clusters, which are smaller than nanoparticles, 
supported on oxide nanotube catalysts may show interesting properties and 
could lead to new research in the field of catalysis. Metal clusters, with different 
uniform sizes and shapes, will be developed and loaded on oxide nanotubes, 
followed by the further investigations of reactions.  
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